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INTRODUCTION
Chlorophyll and Photosynthesis
Photosynthesis, which occurs in higher plants, mosses, and
algae, is the reversal of combustion, since it is a process by which
water is oxidized to molecular oxygen while C0 2 is reduced to carbohydrates in the presence of light. Chlorophyll has been known for many
years as the main pigment involved in the primary act of photosynthesis,
that of the capture of light energy. Since a vast amount of information

•

is available on this topic, it is impossible to completely review the area;
the aim of this introduction is to review only that information pertinent to
this dissertation.

Excellent reviews by Rabinowitch (1), Hill and Witting-

ham (2), and Gaffron (3) cover photosynthesis to about 1956. More recently, symposia held in Baltimore (4), Moscow (5), England (6), France (7),
Virginia (8), and a collection of papers (9) as well as several review
articles (10 - 13) discuss the role of chlorophyll in photosynthesis. A
comprehensive text with chapters by prominent investigators in photosynthesis appeared in 1960 (14).

Kamen (15) and Clayton (16) have

written monographs on the topic.
Absorbed light is the energy source for formation of chemical
compounds in the plant during photosynthesis. After a chlorophyll molecule absorbs a light quantum, it has more energy than its neighborso

2

This energy may leave the excited chlorophyll molecule in various
ways; (a) the energy may be transferred to another molecule of
chlorophyll or of some other substance; (b) the extra energy may
appear as increased molecular motion and be lost as heat; (c) the
energy may be emitted as fluorescence (about 2

%in

plants); or

most important (d) the energy may be used in a chemical reaction.
In this thesis an effort has been made to form complexes
of chlorophyll on organic polymers and examine their photochemical
properties.

Because chlorophyll is not soluble in water, most

chlorophyll photoreactions have been studied in organic solvents.
Photosynthesis, however, occurs in the presence of water, and for
this reason it was desirable that the chlorophyll-polymer complexes
used in this study be water soluble, Two types of water soluble complexes have been investigated: chlorophyll coordinately bonded to
polyvinylpyridine and secondly, Mg-chlorin e 6 phytyl methyl ester
(a chlorophyll derivative) covalently bonded to poly (methyl vinyl
ether /maleic anhydride). Much of the introductory material relevant to the present work is presented in the following review.
Properties of Chlorophyll
The chlorophylls a and b have been completely defined in the
chemical sense. A final elucidation of both structures was obtained

3
by Fischer (17) from his extensive study of prophyrins and porphyrin
derivatives and their synthesis. A total chemical synthesis (18) of
chlorophyll a has recently been completed by Woodward.
Chlorophyll (Fig. 1) may be considered to be derived from a
parent, unsubstituted tetrapyrrolic ring structure. This macrocyclic compound is called "chlorin" and corresponds to a dihydro
7 8

derivative of porphin (Fig. 2 A) in which the double bond A '

is

saturated. As shown in Fig. 2 A, the four pyrrole rings of the
porphyrins are numbered I to IV, the four methene carbon bridges
are referred to by Greek letters and the eight positions of t.Pe macrocyclic structure are numbered according to H. Fischer (17). The
cartesian axes designations are also included in the figure.

In chloro-

phyll, an isocyclic ring Vis also present and the additional carbon
atoms concerned are numbered 9 and 10. Chlorophyllin a (Fig. 2 B),
a water-soluble derivative of chlorophyll a, is the product of alkali
saponification of chlorophyll a ( 19). The methyl and phytyl esters
are hydrolized and the isocyclic cyclopentanone ring V is broken with
oxidation of the ketone carbonyl to an acid (20). Chlorophyllin a has a
chromophoric structure similar to the covalent chlorophyll-polymer
compound to be described in this thesis.

The magnesium atom of

chlorophyll is easily and irreversibly removed under acid conditions
to form pheophytin.

4
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Fig. 2. A. Porphin structure with position labeling and axis designations.
B. Structure of chlorophyllin a, potassium salt.
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The chlorophylls can be obtained by ext;racting fresh leaves
or algae with solvents such as acetone or alcohol. Such extracts can
then be separated into their components by solvent partition or column
chromatography.
The absbrption spectroscopy of solutions of purified chlorophylf
has been extensively investigated by numerous workers.

Chlorophyll~

shows absorption spectra characterized by a strong red ban,d at about
662 nm and a violet one at about 430 nm. Chlorophyllip a, the watersoluble, tricarboxylic acid salt derived from chlorophyll a, has its

~~ks

at about 640 nm and 418 nm (21, 22). The values of the extinction
coefficients and the location of the absorption maxima of chlorophyll
vary with the solvent, depending on its tendency to form solvates of
chlorophyll (23, 24, 25), The effect of solvent on the spectrum of chlorophyll will be further discussed in the appendix.
It has been observed that the red absorption maximum of chlorophyll is shifted about 20 nm toward the blue in primary and secondary
basic amines.

Fischer and Goebel (26) observed the action of amines

on methyl pheophorbide and proposed that the shift was due to the formation of the chlorin e 6 -diester-6-acidamide by cleavage of the isocycltc ring V. Weller and Livingston (27) studied the irreversible
reaction of chlorophyll with amines and found that the rates paralleled
the basicities of the amines.

In the present study chlorophyll a Ii.as been

7

bonded to a polymer by first making the 9-amide derivative with
1, 6-hexanediamine and then attaching it to the polymer by aminolysis of a polymer anhydride group, a reaction which is similar
to that described above.
Chlorophyll Fluorescence and Fluorescence Polarization
A molecule of chlorophyll is raised to its first excited singlet
state when it absorbs a photon of red light.

Illumination with light of

higher energy (blue) results in excitation to higher singlet states with
a return to the first singlet state by radiationless transfer.

Even after

loss of the excess vibrational energy, chlorophyll in the first excited
singlet state still retains about 43 kcal/mole and is potentially

reactiv~.

The excited molecule in the first singlet state can lose the energy by
fluorescence or pass either by a raQ.iationless transition to the ground
state or by intersystem crossing to the triplet state.
longer lifetime of the triplet state (about 10

-4

Because of the

sec), it is probably the

state involved in most chlorophyll photoreactions.
The fluorescence maximum of chlorophyll a is just to the long
wavelength side of the red absorption band. The fluorescence maximum in ethyl ether is at 668 nm and in acetone at 669 nm (28). A
small secondary maximum is located at 720 nm.

Excitation of fluores-

cence at any absorption band always gives the same red fluorescence
spectrum.

Therefore, the fluorescence excitation (activation) spectrum

8

and the absorption spectrum are identical, the quantum yield being
practically independent of the exciting wavelengths (29). This
seems to support the observation that the blue or Soret absorption
peak corresponding to the second excited singlet state undergoes a
radiationless transition to the first excited state.
The degree of fluorescence polarization in any given direction
of observation is described as follows:

p:;::
I 11

and I..L

l.t
+ IJ.

I ,1

111

are the intensity components of fluorescence parallel and

perpendicular respectively to the polarized direction qf the activating
beam. In considering the amount of fluorescence polarization one
must remember that the quantity pis defined for an absorption-emission
oscillator pair, and these are not always parallel. If the oscillators
for absorption and emission in a molecule make an angle a with each
other, the following equation derived by Jablonski (30) holds.
p:;::

2

3 cos a - 1
cos3 a+ 3

When a:::: 0° the value p

= 1/2 results.

When a :::: 90° the

degree of polarization becomes negative with a value p =-1/3, indieating that I.l. is greater than 111
p can vary from -0. 33 to 0. 5.

•

Thus for an arbitary value of a,

9

The degree of polarization of chlorophyll has been studied as
a function of the wavelength of the exciting light (31, 32, 33, 34). The
results indicate which absorption bands correspond to separate oscillators, and give information about the relative orientation of these
oscillators. As with other porphyrins, the chlorophyll absorption and
emission oscillators probably occur in the x-y plane (Fig. 2 A) of the
porphyrin nucleus for

1T -TT*

transitions. The detailed chlorophyll

fluorescence polarization-wavelength spectrum shows a large positive
polarization at the longest wavelength absorption band where p :;:: + 0. 42.
c

Two regions of sljght negative polarization are located at 440 nm and
580 nm (34). The small absorption band at 580 nm of chlorophyll has
been postulated to be due to an oscillator perpendicular to the one of
the lowest frequency at 670 nm.

It is also proposed that the absorption

oscillators in the Soret region at 412 and 430 nm are mutually perpendicular and probably vibrate parallel and perpendicular respectively to
the red 670 nm oscillator (32). The orientation of the transition moments
of chlorophyll will become better understood with the aid of physical
techniques such as optical measurements of dichroism and quantum
chemical treatments.
Chlorophyll and the Chloroplast
The photosynthetic apparatus in green plants <:1.nd algae is localized in the chloroplast (35, 36).

Here the main photosynthetic pig-

ments (chlorophylls), as well as the auxiliary ones (carotenoids and

10
phycobilins) participate in light adsorption and energy transfer in a
semi-solid aggregate state in combination with a lipoprotein carrier.
Light and electron microscopy show in higher plant chloroplasts the
presence of cylindrically shaped grana (37), while nongranular
(lamellar) type chloroplasts (38) are commonly seen in algae (39, 40).
These structures contain the photosynthetic pigments.
The basic structure of the chloroplast is now thought to be a
0

double membrane about 150 - 200 A thick (39, 41). This structure
consists of two equivalently-shaped flat membranes (parallel larnellae)
lying one above the other and united at their peripheries. Menke (41)
has called these double-membraned structures thylakoids. Thylakoids
may either exist alone, as in the red algae (39), or be closely stacked
together in groups of two, three or more.

In grana of higher plants,

a large number of disc- shaped thylakoids O. 5 - 1. 0 µ in diameter are
stacked together.
Measurements from electron microscopy and low-angle x-ray
scattering give · the following structure for the thylakoid ( 42).

Each

lamellar membrane composing the thylakoid consists of an extensive
two layer sheet of a water-soluble lipoprotein complex. The lipid
0

0

layer is about 42 A thick, while the protein layer is 47 A thick.

The

lipid layer is continuous. The protein layer, which is supposed

~o

surround the lipid phase of the thylakoid, is apparently corpuscular

11
0

and resolvable into micromolecular components roughly 40 A in
0

diameter. The overall thickness of the whole thylakoid is 178 A.

%-

The chlorophyll content is 8 - 10

Park et al. ( 43, 44, 45), on the basis of chemical and electron microscopic experiments on spinach lamellae, have concluded
that the thylakoid membrane is composed of rectangular subunits,
0

0

0

185 A long, 155 A wide, and 100 A thick embedded in a sheet of lipid
matrix. These subunits and their attached lipid layers are called
quantasomes. Two quantasomes, closely packed, give about the
thickness of a thylakoid. Each quantasome contains about 230 chlorophyll molecules, which is surprisingly close to the number proposed
by Kok for the photosynthetic unit (46). As with Menke's, Park's
model has a double-membraned structure where each membrane
consists of at least one layer of lipid and one of protein.
The details of pigment attachment and location of the chlorophyll aggregates are poorly defined. Menke ( 42) has tentatively
placed the pigment systems on the inside, one perhaps attached near
the middle of the thylakoid to the lipid, and the other lying between
the inner lipid phase and the outer protein layer of the thylakoid.
In the chloroplast the red absorption band of chlorophyll has
its maximum at longer wavelengths than the same chlorophyll band in
vitro. Immediately upon heat treatment at 60 C or exposure to a
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variety of organic solvents, the chlorophyll absorption maxima at
longer wavelengths are shifted toward that typical of the in vitro
solvent spectrum ( 47).

The maximum of the fluorescence spectrum

is also displaced to a shorter wavelength as compared with that of
the whole cell. In the living cell the intensity of fluorescence in
relation to the light absorbed is less than one-tenth that observed
for chlorophyll in solution ( 48).
Many investigators (49) have examined in vivo chlorophyll absorption spectra. Most recently, French and Brown (50, 51) using
derivative spectroscopy have detected several different chlorophyll
entities in the plant and have proposed their photosynthetic role.
Further discussion of in vivo chlorophyll and its function in photosynthesis is out of the scope of this introduction.
Chlorophyll Aggregates
Aggregates of chlorophyll have been studied as a possible
model of the situation of chlorophyll in the chloroplast. Krasnovsky
and Kosobutskaja in their study of chlorophyll in the leaf (52), and S.
Brody and M. Brody (53, 54, 55) and Lavorel (56) in studying dimeric
forms of chlorophyll, have proposed the existence of chlorophyll in
aggregated forms in vivo and in vitro.
Colloidal solutions of chlorophyll aggregates can be made by
adding water to alcohol or acetone solutions of the pigment. These
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suspensions exhibit a shift in the red peak 10 - 80 nm toward longer
wavelengths. The shift depends not so much on the size of the
colloidal particles, as on their internal density, i.e. the concentration of chlorophyll molecules in them (57).

Brody (55) observes

a maximum absorption at 682 nm, which is attributed to a dimer, in
very concentrated chlorophyll solutions in ethanol. Rabinowitch,
Jacobs, and Holt (58, 59, 60) state that depending on temperature,
viscosity, and concentration, microcrystals can be grown which
have the red peak in the region 732 - 745 nm.

They show that water

is absolutely needed for chlorophyll crystallization.
By examining surface pressure changes of chlorophyll monolayers, Jacobs et al. (60) calculated the area of a chlorophyll mole0

cule to be 90 to 120 sq A, depending on the compression. This has
recently been substantiated by Bellamy, Gaines, and Tweet (61).
They suggest that the monolayer may be though of as a liquid film
consisting of a random array of interspersed porphyrin rings and
phytol tails. The molecule is anchored to the water by its ester
linkages and, on the average, elevated above it. The phytol
effectively prevents the crystallization of the porphyrin rings. The
red absorption peak of the chlorophyll monolayer is at 680 nm.
Various other experiments have been performed with chlorophyll aggregates. Rosenberg ( 62) has measured the electrical
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conductivity and photoconductivity of polycrystalline aggregates of
chlorophyll. Jacobs et al. (63) have studied the packing of chlorophyll and ethyl chlorophyllide by x-ray diffraction and electron micrographs. Arnold ( 64) has studied the photopolarization of films of
chlorophyll alone and with added carotene on sapphire plates. Vernon
(65, 66) has used colloidal chlorophyll aggregates, prepared by dissolving in an aqueous buffer chlorophyll previously adsorbed on
sucrose, as a sensitizer in photoreactions.

Pyridine nucleotides can

be photoreduced in the presence of the enzyme, photosynthetic pyridine
nucleotide reductase, and ascorbate. Methyl red and tetrazolium blue
are also photoreduced by ascorbate in the presence of the pigment aggregates.

These systems described by Vernon serve as a model which may

demonstrate a part of the actual process of energy transfer from chlorophyll to other photosynthetic cofactors.
Chlorophyll and Polymers
In attempting to create a model of chlorophyll's environment
in the chloroplast, investigators have introduced the pigment into a
macromolecular environment by various techniques.

The search for a

physiologically active chlorophyll-protein complex has led to the preparation of artifical protein complexes. Eisler and Portheim (67) apparently
were the first to try this approach.

They examined the properties of

precipitates formed after adding appreciable amounts of alcoholic ex-

tracts of chlorophyll to various proteins and protein derivative preparations
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For example, with horse serum the green complex was water soluble; its spectrum was described as "similar to that of chlorophyll
in the leaves".
Noack (68) adsorbed chlorophyll on proteins (albumen, casein,
legumin, hordein, and clupein sulfate) and on peptones. Rodrigo
(69) prepared an artifical complex which fluoresced, possessed an
absorption maximum at 680 nm, and reportedly gave a Hill reaction.
This complex was prepared by mixing an aqueous buffer extract of
chlorophyll-deficient Pelargonium zonale with a small volume of
acetone containing chlorophyll. The fluorescence was roughly equivalent to that of a suspension from green leaves. The absorption spectrum showed a double peak in the red wavelength region: one maxi mum at 678 nm and the other at 672 nm. The latter peak was
attributed to colloidal chlorophyll which had not been complexed.
Sapozhnikov and Moslova (70) added chlorophyll to egg yolk
lipoprotein grains. Part of the chlorophyll was removed by benzene
after drying the preparation. If the egg yolk protein was defatted by
ether extraction prior to chlorophyll addition, more of the chlorophyll
was extracted by benzene.

They concluded that chlorophyll is probably

either associated with the fats of lipoproteins or attached to the protein
itself. Evstigneev and Gavrilova (71), using the egg yolk adsorbates,
were able to photoreduce methyl red with ascorbic acid.

They
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concluded that this preparation resembled the natural chlorophyll
complex. Komissarov et al. (72) have compared the photochemical
activity of chlorophyll aggregates and monolayers absorbed on polycaprolactam using the methyl red-ascorbic acid system.
Oster and co-workers (21, 22) upon binding chlorophyllin a to
polyvinylpyrrolidone, observed a red peak shift from 640 nm to 660
nm.

Upon standing in the dark, a peak developed at 688 nm which

can be likened to that obtained for chlorophyll a in dioxane-water
mixtures (73) or possibly the 682 nm chlorophyll a dimer species
(54).

Photoinduced oxidation-reduction reactions were enhanced

by the presence of polyvinylpyrrolidone (74). Chlorophyllin a, dissolved in films of polyvinyl alcohol, exhibited positive dichroism
when the films were stretched, causing orientation of the pigment
molecules.

Upon continous strong illumination with visible light and

in the absence of oxygen, both chlorophyll a and chlorophyllin a in
plastic films underwent a reversible brown coloration with a lifetime
of about 1 sec.
Attempts for many years to isolate a native chlorophyll
protein from algae or plant chloroplasts have been without success.
Recently, however, Takamiya and Yakushiki et al. (75, 76) have
isolated from Chenopodium album a water-soluble chlorophyll protein
which is photosensitive to light.

Kahn (77, 78) also isolated a soluble
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chlorophyll protein complex from spinach chloroplasts which could
photoreduce ferricyanide but was unable to reduce either dichlorophenolindophenol or NADP or form ATP.

From algal cells a chloro-

phyll complex has been obtained by Allen and Murchio (79), which
can reportedly carry out a Hill reaction with dichlorophenolindophenol
and ferricyanide.
Photoreactions with Chlorophyll
Reversible Photoreduction
The clearest demonstration of reversible chlorophyll photoreduction was provided by Krasnovski (80). He discovered that
chlorophyll dissolved in pyridine in the presence of ascorbic acid and
a little water could be reduced in light.

The reduced form is pink due

to the loss of the two main chlorophyll peaks and the formation of a
broad peak around 523 nm. The reduced form is reoxidized by oxygen.
Reoxidation also takes place in the dark with dehydroascorbic acid in
the absence of oxygen, but at a slower rate.
and oxidation of chlorophyll is reversible.

In this way, the reduction
During each cycle there is a

partial loss of the magnesium, resulting in pheophytin formation (81).
Pheophytin itself is photoreduced more rapidly and with a higher yield
than chlorophyll.
Bannister (81, 82) investigated this reaction and found that water
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must be present in the pyridine in order for the reaction to proceed.
For accumulation of the pink product, the water content must be less
than 30

3.

Zeiger and Witt (83), however, reported that only 0. 01

water was needed for reduced chlorophyll formation.

In 10

3

3

aqueous

pyridine, reduced chlorophyll a almost completely forms reduced
pheophytin a. A transient intermediate of chlorophyll photoreduction
with a half-life of 5 x 10

-2

sec and a peak at 475 nm is postulated to

be a one-electron reduced form of the chlorophylL
More recently, Seely and Folkmanis (84) investigated the photoreduction of ethyl chlorophyllide a by ascorbic acid in ethanol-pyridine
solutions. They propose that reaction occurs between the pyridinium ascorbate ion pair and the chlorophyllide solvates, Chl (eth 2) and Chl
(eth) (pyr).

The pyridinium ion formed upon neutralization of ascorbic

acid is postulated to stabilize the intermediate products of photoreduction
by transferring hydrogen.

In ethanol-pyridine mixtures with the alcohol

in excess, the reduced chlorophyllide is converted by acid into a mixture
of two reduced pheophorbides which are in equilibrium, one absorbing
maximally near 525 nm and the other near 620 nm.

The two reduced

pheophorbides are proposed to be tautomers: one of the hydrogens located either at the j3-methine bridge or the pyrrole nitrogen of ring II.
Chlorophyll photoreduction is inefficient showing a maximum quantum
yield of 0. 02 in ethanol -pyridine solutions.
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It has been postulated that reduced chlorophyll takes part in
the mechanism of photosynthesis. Coleman and Rabinowitch (85)
suggested that the 520 nm difference band in illuminated Chlorella
cells was due to a pink Krasnovsky product. More recently, Rubenstein (86) has shown that their evidence was incorrect. Although the
chemical identity of the 520 nm difference band is unproven, it could
be due to a carotenoid ( 86).
Reversible Photooxidation
Compared to the extensive studies of reversible photoreduction,
there has been little investigation of possible reversible photooxidation
of chlorophyll. Rabinowitch and Weiss (87) observed in the dark a
strong decrease of the red absorption band of chlorophyll a in methanol
after addition of ferric chloride and a regeneration of this band after
the subsequent addition of ferrous salts. The equilibrium can be
shifted by strong illumination of the solution. The change in the chlorophyll was interpreted as an oxidation. Goedheer et al. (88) measured
the oxidation-reduction potentials of chlorophyll a in methanol by varying
the ratio of ferric-ferrous ions.

Linschitz (89) studied reversible photo-

oxidation of chlorophyll using benzoquinone in a low temperature, rigid
glass of ether, isopentane, and ethanol.

The spectrum of the "bleached"

solution has been compared to the spectrum of the Molisch brown phase, a
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transient colored product of chlorophyll a in alcoholic alkali.

The

electronic structure of the oxidized form of chlorophyll remains unknown.
Chlorophyll Sensitized Oxidation-reduction
Although there has been a fair amount of investigation on
chlorophyll catalyzed oxidation-reduction reactions, the list of possible
oxidants and reductants is not large. The reason for this is more the
lack of information on possible reactants than a natural limitation on
chlorophyll. The list of oxidants consists generally of a group of
azine dyes which reversibly form leuco bases (phenosafranine, safranine T, and phenazine methosulfate), azo dyes (methyl red, fast red
S), and such naturally occurring substances as pyridine nucleotides
and cytochromes. Ascorbic acid, phenylhydrazine, hydrazobenzene,
and hydroquinones are the most frequently used reducing agents.
Livingston and Pariser (90) studied the chlorophyll-sensitized
photoreduction of methyl red by phenylhydrazine. The reaction
mechanism they initially proposed suggested that photoexcited chlorophyll reacts first with methyl red to form a complex which then reacts
with the reducing agent.

On the basis of subsequent data, Livingston

(91) has reversed the form of the primary complex to involve chlorophyll and the reducing agent instead of the dye.

This latter mechanism

is also favored by several Russian groups (92, 93) in accordance with
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their idea that chlorophyll is photoreduced by the reducing agent,
with reduced chlorophyll serving as hydrogen donor for the dye.
In agreement, Oster and Broyde (74) proposed that excited chlorophyllin reacts first with ascorbic acid to reduce the porphyrin, with
subsequent reduction of another azo dye, fast red S.
Recently Seely (94) extensively examined the ethyl chlorophyllide photosensitized reduction of methyl red by either ascorbic
acid, hydrazobenzene or mercaptosuccinic acid.

In direct contrast,

he calculated that the primary reaction of the excited chlorophyll is
with methyl red.

He noted that {3-carotene, a very efficient quencher

of triplet state chlorophyll, inhibits chlorophyll photoreduction by
ascorbic acid much more than it inhibits methyl red photoreduction.
This is to say that triplet chlorophyll reacts with methyl red in pref.erence to ascorbic acid.

In fact, ascorbic acid must be 100 times

more concentrated for efficient chlorophyll reduction than for
efficient methyl red photoreduction. Even with a deficiency of reducing agent, methyl red photoreduction goes nearly to completion.
The following mechanism was proposed by Seely to account for his
results.

Chl--hv_~> Chl'

> Chl * ----%> Chl

Chl* +MR---> [Chl~+ +MR·-]
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[chl:++MR·- ]-----7Chl+MR

-----~ Chlt +MR;
Chl·
Chl·

+

+MR·

+ +RH

-----~

Chl +MR

-----~ Chl + R · + H+

Chl' and Chl* are singlet and triplet state chlorophyll respectively. MR is methyl red and RH is the reducing agent needed as
electron donor. The reaction goes further to completion by any number
of possible reactions of radicals with each other or with the reducing
agent.
Vernon (65, 66) studied photoreduction reactions using colloidal
chlorophyll solutions which were made by dissolving in water chlorophyll adsorbed on sucrose. Methyl red and tetrazolium blue (65) are
reduced by ascorbate and glutathione in the presence of chlorophyll
and other porphyrins. Addition of a partially purified enzyme, photosynthetic pyridine nucleotide reductase, allows a photoreduction of
pyridine nucleotides by ascorbate (66).

Purified chlorophyll a will not

photoreduce nicotinamide adenine dinucleotide phosphate (NADP) as
several other porphyrins will, but it will reduce nicotinamide adenine
dinucleotide (NAD). Chlorophyllin a has also been shown to photoreduce NAD and NADP in the presence of ascorbate with NADP reductase
as the coupling enzyme (95).

Krasnovsky (96, 97) has reported the re-

duction of NAD, NADP, and benzylnicotinamide by ascorbate photocatalyzed by chlorophyll in pyridine and without enzymic help.
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Phenazine methosulfate (PMS) has also been used in studying
chlorophyll sensitized photoreactions. It serves as a reversible
oxidation-reduction agent in the plant system and effectively catalyzes
the process of photophosphorylation (98, 99). Vernon, Zaugg, and Shaw
(100) have demonstrated a light dependent photooxidation or reduction of
PMS by quinones catalyzed by chloroplasts or chlorophyll a. A detergent,
Triton X-100, was used to solubilize the chlorophyll.

The reaction is

quite complex, as is shown by its dependency upon the type of detergent
present, pH of the medium and quinone used. Trimethylquinone (TMQ)
and ubiquinones (UQ 2 and UQ 6) with either two or six isoprene units were
used.

The reduced form of these quinones as well as ascorbate reduce

cytochrome c when catalyzed by illuminated chlorophyll (101).

It is

interesting, however, that all of these hydroquinones are more active
than ascorbate. With most of the quinone-PMS reaction systems, the
back reaction is rapid. If the reactants are not limited by concentration,
illumination appears to displace the system from equilibrium with a reproducible return in the dark.
The ability of quinones to act as electron acceptors in photochemical reactions involving chlorophyll is well known.

For example,

Tollin and Green (102, 103) recently investigated electron transfer reactions between excited

chlorophyll~

dissolved in organic solvents.

molecules and various quinones

They showed that electron transfer to the

quinone does occur, and furthermore, that the structure of the quinone has
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a profound effect upon the transfer reaction.
Bannister (81, 82) upon examining the "Krasnovsky" reaction,
found that upon addition in the dark of the oxidant, safranine T, to the
pink reduced chlorophyll, regeneration of chlorophyll could be greatly
accelerated.

Based on subsequent kinetic measurements (104),

Bannister feels that the primary energy transfer step in light is probably not a reduced form of chlorophyll reacting with safranine T, but
the formation of triplet safranine at the expense of triplet chlorophyll.
Recent studies on the photoreduction of phenosafranine in the presence
of ethyl chlorophyllide also indicate that the initial reaction of excited
chlorophyll is with the dye (105).
Usually the chlorophyll-sensitized photoreactions discussed here
have been studied by following the time course of absorption changes of
one of the reacting species upon illumination.

However, the manner of

participation by chlorophyll is still largely a matter of speculation. The
initial chlorophyll reaction is so fast that it usually cannot be observed
by conventional means.

Recently, an ingenious and rapid technique of

flash photometry has been applied to the observation of transient absorption changes of chlorophyll.
novsky reaction with this method.

Zieger and Witt (106) studied the KrasKe, Vernon, and Shaw (107) studied

the coupled redox reaction between azine dyes or cytochrome c and
quinones sensitized by chlorophyll a in ethanol.

They suggest that

photoexcited chlorophyll rapidly transfers an electron to the oxidant
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molecule, forming a positive radical ion of chlorophyll and a semiquinone.

The latter species can then back react in the dark.

This

sequence may be represented by the following scheme:
hv

Chl-----+Chl *
Chl*

+ Q ---Chl+ +

Chl+ + Q- - - - C h l

Q-

+Q

Chl * is triplet chlorophyll and Q the semiquinone form of the
oxidant. This mechanism is similar to that proposed by Seely (94). A
similar sequence has been noted with the EPR studies of Tollin and Green
(102, 103) who reported signals characteristic of semiquinone free radicals.
The importance of these in vitro oxidation-reduction reactions
catalyzed by chlorophyll on the mechanism of the light reactions in photosynthesis is not yet fully understood; however, they do represent possible
methods by which the energy of the light photon may be transferred into
chemical energy.
In the present work, reversible photoreduction of the chlorophyllpolymer system has been observed.

Fast red S and phenosafranine were

photoreduced and phenazine methosulfate was photooxidized with the chlorophyll-polymer system. The kinetics of the polymer system in phenosafranine photoreduction will be studied in detail and compared with a monomer
system.

EXPERIMENTAL TECHNIQUES
Materials
Chlorophyll a was extracted from spinach leaves and separated
on a sugar column according to the procedure of Zscheile and Comar
(108). It was stored under refrigeration as amorphous crystals obtained by evaporation of the ether solvent.
phyll a were made 10
acetone.

-3

Stock solutions of chloro-

molar by dissolving the dry chlorophyll in

The concentration was measured spectrophotometrically

by using the molar extinction coefficient of chlorophyllide a in acetone determined by Holt and Jacobs as 7. 66 x 10+4 M- 1 cm-1 at 662
nm (109).
4-Vinylpyridine was obtained from the Monomer-Polymer
Laboratories, Borden Chemical Company.

It was distilled under 12-

18 mm Hg aspirator pressure while passing over it a slight stream of
prepurified nitrogen gas. The observed boiling point was 62-64 C and
the first and last fractions were discarded. Vinyl acetate and acryl amide were obtained from Distillation Products Industries, Eastman
Kodak Company. The vinyl acetate was distilled at atmospheric
pressure under nitrogen while N-isopropylacrylamide was a sample
gift from American Cyanamid Company and was purified by sublimation.
The free radical initiator of polymerization, a, a' -azodiisobutyronitrile,
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was used as obtained from Eastman.
Polyvinylpyrrolidone was obtained from Matheson, Coleman
and Bell, and was used for studies of chlorophyll films.

For covalent

binding of chlorophyll, a commercially available copolymer was used.
GANTREZ AN, an alternating copolymer of methyl vinyl ether and
maleic anhydride, was a sample gift from General Aniline and Film
Corporation.
fication.

Two different grades were used without further puri-

GANTREZ AN - 169, having a specific viscosity of 2. 6 -

3. 5 as determined at 1 3 concentration in methyl ethyl ketone at 25
C, was a high molecular weight grade.

GANTREZ AN - 139, having

a specific viscosity of 1. 0 - 1. 4, was of a lower molecular weight
range and contained less microgel, making it more suitable for
fluorescence polarization studies.
The alternating methyl vinyl ether /maleic anhydride structure
of the polymer has been confirmed by both infrared and chemical
analysis (110).

The polymer reacts quickly with alkalis, ammonia,

primary and secondary amines and somewhat more slowly with water,
alcohols, and phenols. Such reactions are typical of carboxylic anhydrides.

The polymer crosslinks easily with polyfunctional compounds

and with itself in high concentration in the presence of monofunctional
chemicals of the type previously mentioned.

Unreacted GANTREZ AN

is soluble in acetone,ethyl acetate, dimethylformamide, dimethylsulfoxide,
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and tetrahydrofuran.

Because of reaction, it becomes soluble in alco-

hols, water, pyridine and acetic acid.

The half amide/carboxylic acid

form of GANTREZ AN or poly (methyl vinyl ether /maleamic acid) is
formed by adding a dilute aqueous solution of ammonia to the polymer
dissolved in acetone.

The half amide is completely soluble in water

and may be precipitated by high concentrations of acetone, alcohols,
or pyridine. The half amide will not precipitate by salting out even at
saturated (NH 4 ) 2 S0 4 solutions, nor in acid or base.
All amines were obtained from Eastman.

1, 6-Hexanediamine

was purified by careful sublimation under vacuum and was transferred
to a storage containe:t under an inert atmosphere of nitrogen. n·-Butylamine and dipropylamine were purified by fractional distillation and also
stored under nitrogen. Succinic anhydride was used as received from
Eastman. Castor oil (USP grade) from Central Scientific Company,
was found to have little absorbance in the visible region and was therefore suitable for fluorescence polarization studies.
L-Ascorbic acid, hydrazobenzene and cysteine were obtained
from Eastman. Ethanol-water mixtures were used to recrystallize the
L-ascorbic acid and the hydrazobenzene. After drying in a vacuum oven,
they were stored in a desiccator in the refrigerator.

Fast red S (Fisher)

was used as received.
Phenosafranine (National Aniline) was recrystallized from ethanol cyclohexane mixtures and was further purified by column chromatography
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on calcium carbonate (low alkali, Fisher) using isopropanol and
ethanol as the eluents.

Phenosafranine has a molar extinction

coefficient of about 6 x 10+4 M -l cm-l in ethanol at its broad 530
nm peak.

It has no absorption beyond 600 nm in the red region.

Phenazine methosulfate and trimethyl hydroquinone from K
and K Laboratories were used as received.

The ubiquinones UQ 6

(Mann Biochem. ), UQ 2 (gift of Dr. K. Folkers of Stanford Research
Institute to Dr. W. Zaugg of the C. F. Kettering Research Lab. L and
dimethyl - and methylbenzoquinone (Eastman) were used in the reduced
form.

They were prepared in the following manner. 10 - 20 µ moles

of quinone was dissolved in 1 ml of ethanol. After addition of 4. 0 ml
water, a slight excess of sodium dithionite was added and the reduced
quinone extracted with cyclohexane.

The cyclohexane layer was with-

drawn and evaporated under reduced pressure. The reduced quinone
was taken up in ethanol which had been acidified with a drop of 1 %HCl
and the solution stored in the freezer.

Sodium dithionite, ferrous

chloride, and potassium chloride were reagent grade from Mallinckrodt
Chemical.
Apparatus
Visible absorption spectra were taken on a Cary Model 14 recording spectrophotometer. The absorption cells used were stoppered
quartz cells either 1 cm square with a capacity of 3 ml or 1 cm path
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length, 3 cm diameter cylindrical with a 7 ml capacity.
The composition of the synthesized polymers was determined
with a Perkin-Elmer Model 21 double-beam infrared spectrophotometer. Infrared spectra of the thin polymer films were found to be
well detailed and scatter free.

The thin polymer films were cast from

concentrated solution (usually in ethanol) and dried slowly on a smoothsurfaced, flat mold of sheet teflon.

The clear films (less than 0. 02 mm

thick) were peeled from the mold and inserted into a cardboard frame.
The last traces of solvent were removed overnight in a vacuum oven.
The mounted films were then run against an air blank.
The fluorescence measurements were carried out in an AmincoBowman spectrophotofluorometer (American Instrument Co. , Inc.).
The design of the instrument allows the observation of the emitted
light only in a direction perpendicular to the incident beam; therefore,
the range of useful concentration is limited to values of optical density low enough to minimize reabsorption of the fluorescent light.

Two

grating monochromators allow the choice of both the excitation and
the fluorescence wavelengths.

To define the optical band width reach-

ing the sample, a 1/8 inch (3. 7 mm) slit followed by a 1/16 inch (1. 59
mm) slit was inserted, permitting about a 10 nm band in the red to
pass.

The monochromator gratings are rotated by motor-driven cams

to which were coupled potentiometers which supply a direct-current
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signal to record fluorescence or activation spectra. The signal was
recorded on an E- I Model 101 X-Y recorder (Electro Instruments).
For fluorescence polarization studies a pair of Glan-Thompson
prisms were inserted in the activation and fluorescent beams in the
sample compartment of the recording spectrofluorometer. These
resolve the activation and fluorescent beams into plane-polarized
components.

Fluorescence activation spectra were run with the fluores-

cence analyzing prism set parallel or perpendicular to the activation
prism.
Most of the photoreactions were observed on a Perkin- Elmer
Model 350 recording spectrophotometer which had been adapted so
that the sample cell could be illuminated by a beam of exciting light.
The exciting beam was perpendicular to the measuring beam of the
instrument.

The detector (RCA 1P28) was shielded from scattering of

the exciting light by means of complementary color filters,

Trans-

mission spectra on each sample were run before and after illumination
on the spectrophotometer to note any over-all changes.

Light-induced

absorbancy changes were followed at the absorption peak of the dye
undergoing photoreduction by recording absorbancy versus time at
8. 7 seconds per inch of chart paper.

The Perkin-Elmer Model 350

spectrophotometer can distinguish a signal above noise of the order of
10

-4

optical density units by expanding the transmission scale fifty times.
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At this high sensitivity and with the use of complementary filters, no
scatter was detected from the exciting beam.
A Sylvania Sun Gun lamp, type DXN, 1000 watts was used as
the source of the exciting light.

Its radiation was focused with a lens,

passed through a 1 inch water bath and through a refracting prism to
the sample compartment. A shutter was placed before the prism for
control of the light beam. The intensity of the radiation was measured
with a Kettering Radiometer (Yellow Springs Instrument Co.) by placing
the small, calibrated thermopile probe in the sample holder. With the
lamp powered at 90 volts, radiation intensity through a Corning No. 263 sharp cut filter and a Spectrolab infrared absorbance glass (0. 3 cm)
+4
-2
-1
was 8. 7 x 10 ergs cm
sec .
For reduction of the chlorophyll

~polymer

by ascorbic acid,

more intense light was needed. A 750 watt tungsten projector bulb
was placed 9 inches from the sample with a lens, water filter, and
shutter in between. The radiation through the Corning No. 2-63

+s

filter and the infrared absorbance glass was about 1. 5 x 10 ergs
-2
-1
cm
sec . The reaction was interrupted at one minute intervals for
absorbancy readings at 530 nm on a Beckman DU spectrophotometer.
A Cary Model 14 recording spectrophotometer was used to precisely
determine absorbance peak positions.
Detection of light-induced free radicals was accomplished with
a Varian Associates Model 4500 EPR spectrometer equipped with 100
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kc/sec modulation.

The samples were assayed in a rectangular cell

of 0. 34 x 8 x 23 mm (O. 06 cm3) sample dimensions. A 1000-watt
tungsten lamp was focused on the sample cell through a water bath
of 4. 5 cm and a red filter.

The measurements were made by Mr. E.

Brody.
Preparation of Coordinate Bonded
Chlorophyll-polymer Complexes
Chlorophyll-solvate studies (24, 25, 84, Appendix) indicated
that it was possible to form a coordinate type bond between the tertiary
nitrogen of pyridine and the chlorophyll magnesium atom.

Therefore,

the homopolymer and copolymers of 4-vinylpyridine were examined.
For comparison with the copolymers, homopolymers were made of all
of the monomer components.
Homopolymerization
Poly 4-vinylpyridine. - - Polymerization was accomplished in solution under nitrogen gas by constant stirring of purified 4-vinylpyridine in
an equal volume of solvent (ethanol or dimethylsulfoxide).

The reaction was

initiated by 0.1 g/liter amounts of a, a' -azobisisobutyronitrile (AIBN).
The temperature employed was 60-65 C with ethanol and 70-75 C with
dimethylsulfoxide. After 4-6 hours of reaction, the very viscous slurry
was dissolved with ethanol and fractionated twice with ethanol-toluene
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mixtures.

The first fraction contained about one-third of the total

yield and the greatest average-molecular-weight and was dried in
vacuo for 24 - 36 hours at 60 C. Two different polyvinylpyridine
samples gave weight-average molecular weights of 484, 000 and
425, 000 according to intrinsic viscosity measurements in ethanol
(111).

The polymer is soluble in low molecular weight alcohols,

dimethylsulfoxide, dimethylformamide, pyridine, and nitromethane.
Interestingly, the polymer is soluble in 30
in water and 30

%to

80

%dioxane

%to

85

%acetone

mixtures

in water, yet is insoluble in any of

the three solvents alone.
Poly vinyl acetate. - - Solution polymerization of purified vinyl
acetate was accomplished in isopropanol according to the procedure of
Sorensen (117).

The reaction was initiated with 1 g/liter AIBN and run

for two hours at 45-50 C. The solvent and unreacted monomer were
removed under reduced pressure at 60 C and the remaining mass was
fractionated from ethyl acetate by addition of ethanol,

It is soluble in

chloroform, benzene, pyridine, dioxane, ethyl acetate, and acetone.
Polyacrylamide. - - Acrylamide was solution polymerized
under nitrogen in dimethylsulfoxide at 70 C. The reaction was initiated
with AIBN by dropwise addition to about 1 g/liter concentration and stopped
after 40 minutes.
methanol.

The resulting polymer was precipitated from water by
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Poly (N-isopropylacrylamide). - - N-isopropylacrylamide was
polymerized in the same way as acrylamide.

However, the reaction

was over in about 10 minutes and the resulting polymer was precipitated
from the reaction solution with water.

It was dissolved in acetone and

precipitated three times with benzene and dried.

It is soluble in hot

water, alcohols, ketones, acetic acid, dimethylsulfoxide, dimethylformamide, pyridine, and cyclic ethers, and it precipitates in 60

3

aqueous ethanol.
Copolymer Polymerization
Poly ( 4-vinylpyridine /vinyl acetate). - -

The reaction vessel

was charged with one part purified vinyl acetate and two parts isopropanol under nitrogen gas and heated to 45-50 C.
tion (AIBN) was 1 g/100 ml.

Initiator concentra-

One part purified 4-vinylpyridine was

added dropwise over forty minutes.

The resulting product was found

to be a gel, insoluble in any solvents.

Infrared analysis indicated the

gel to be almost exclusively polyvinylpyridine. Calculations with relative reactivity ratios for copolymerization (113) indicate a poor
probability for interreaction.

It had been hoped, however, that by ad-

dition of small amounts of vinylpyridine in an excess of vinyl acetate an
effective copolymer could have resulted.

Hydrolysis of the acetate

group to an alcohol would have incorporated aqueous solubility.
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Poly ( 4-vinylpyridine /acrylamide). - - Two parts acrylamide
were dissolved under nitrogen at 80 C in dimethylsulfoxide and 1 part
4-vinylpyridine was added dropwise over 30 minutes.

Final AIBN

concentration was 2 g/100 ml and was added with the vinylpyridine.
After 90 minutes the copolymer was precipitated with ethanol and
fractionated from dimethylsulfoxide with ethanol. The polymer was
soluble only in water, dimethylsulfoxide and dimethylformamide.
Poly (4-vinylpyridine/N-isopropylacrylamide). - - Two parts
N-isopropylacrylamide were dissolved in isopropanol under nitrogen
at 70 C and one part 4-vinylpyridine added dropwise over 40 minutes.
After three to six hours the reaction was stopped and the polymer
fractionated with benzene, ethyl acetate, or ether. The polymer is
soluble in ethanol and precipitates at about 30

3 to

35

3 ethanol in

water depending on concentration.
Analysis of the Copolymers
It was hoped that by making copolymers of 4-vinylpyridine, not
only could the pyridine monomer units be separated, but other desirable
physical characteristics, such as solubility, could be incorporated.
Poly (4-vinylpyridine/vinyl acetate) was discarded as all attempts gave
primarily homopolymers of 4-vinylpyridine as determined by infrared
analysis.

Poly (4-yinylpyridine/acrylamide) was also discarded as it

was lightly soluble in water, being easily precipitated upon addition of
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polar organic solvents.

Poly (4-vinylpyridine/N-isopropylacrylamide)

was chosen for further study due to its ease of formation and greater
solubility in a variety of aqueous solvent mixtures.
For determination of monomer ratios in the copolymer, two
methods were used, infrared analysis and an acetate titration technique
(114).

The results are summarized in Table I.

The thin homopolymer

films (poly 4-vinylpyridine and poly N-isopropylacrylamide) were
weighed and with the infrared spectra (Fig. 3 and 4), apparent extinction coefficients were calculated. Two strong peaks, one character-I

is tic of each monomer, were chosen at 1660 cm for the "amide I"
-1
band and at 820 cm for the pyridine out-of-plane bending frequency.
The monomer composition results found in Table I were determined
by use of the equation

€

z;,m C·m

=log

T

o, v

where at a given frequency v, T 0 v is the value of the base line trans'
mission of the sample and T is the observed transmission of the peak.
v

cm is the concentration of the monomer in the polymer and ev,.m is the
apparent molar extinction coefficient of the monomer at v. The infrared
spectra of a sample of poly (4-vinylpyridine/N-isopropylacrylamide)
(PVPNAA-1) is shown in Fig. 5.

TABLE I

Monomer compositions of poly (4-vinylpyridine / N-isopropylacrylamide)
as determined by acetate titration and infrared analysis
Sample

Solvent and
reaction time

Mole percent
Acetate titration
IR analysis
VP

NAA

VP

NAA

PVPNAA-1

Isopropanol, 3 hrs.

63.4

36.6

66. 7

33. 3

PVPNAA-2

Dimethylsulfoxide,
11 hrs.

60.7

39. 3

66. 2

33. 8

PVPNAA-3

lsopropanol, 18 hrs.

77.0

23.0

81. 7

19. 3

PVPNAA is poly (4-vinylpyridine/N-isopropylacrylamide). VP is the
4-vinylpyridine monomer component and NAA is the N-isopropylacrylamide
monomer.
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The titration technique developed by Tamikado (114) consists of
dissolving the pyridine copolymer in a 20: 80 glacial acetic acid-acetonitrile mixture with resulting protonation of the pyridine groups. The
acetate ions formed were titrated with 0.1 N perchloric acid in glacial
acetic acid. A Radiometer pH Meter, Model 22, using a glass electrode
and a standard calomel electrode, was employed to potentiometrically
determine the end point.

The difference between the end points of the

sample and the solvent gave the net amount of quaternized pyridine.
The 0. 1 N perchloric acid in glacial acetic acid was standardized against
Na 2C0 3 •
The probable range of error is

+ 1 mole per cent by the titration

method while the range of error with the infrared technique is about

+ 3 mole per cent. The infrared analysis is less accurate due to the
assumption that extinction coefficients for a characteristic vibration
in the homopolymer would remain unchanged for the same vibration in
the copolymer. For example, the positition and extinction coefficient
of the "amide I" and "amide Il"bands depend on the degree of association of the amide group.
Synthesis of a Covalent Bonded
Chlorophyll-polymer Complex
Chlorophyll a was attached to GANTREZ AN in acetone using a
difunctional amine, 1, 6-hexanediamine, as a bridge molecule.

High
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purity hexanediamine was sublimed twice in vacuum; the second time
over the top of chlorophyll a crystals which had previously been deposited on the bottom of a bulb of a special reaction flask by evaporation from ethanol.

Where handling was necessary at atmospheric

pressure, a stream of prepurified nitrogen kept the diamine from
reacting with oxygen. The reaction vessel was closed at atmospheric
pressure under inert nitrogen gas and the bulb heated in a water bath
to 45 C to liquefy the diamine.

The vessel was lightly shaken to dis-

solve the chlorophyll in the liquid diamine and the chlorophyll-amine
reaction allowed to proceed to completion in the dark for 90 minutes
at 45 C. The excess, unreacted diamine was then sublimed off leaving
a film of the chlorophyll-amine product in the bulb. After dissolving
the product in ethanol, it was further purified of unreacted diamine by
quickly mixing it into an aqueous 0. 1 M, pH 10 phosphate buffer.

The

chlorophyll-amine product precipitated as microcrystals, leaving the
unreacted diamine soluble in the water. The microcrystals were
collected on a pad of Cellite and another volume of buffer was added
as a wash.

Excess water was removed from the dark blue-purple

Cellite pad by suction and the purified chlorophyll a/l, 6-hexanediamine
product was removed with a minimum volume of acetone and diluted to
give a solution 10

-3

M in the chlorophyll product.

The chlorophyll-polymer complex was completed by adding an
acetone solution of GANTREZ AN to chlorophyll ~l, 6-hexanediamine
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and the reaction between amine and GANTREZ AN was allowed to
proceed overnight under refrigeration.

The statistical ratio of

chlorophyll to monomer units can be varied by varying the amounts
of polymer added. A ratio of 1:100 (chlorophyll-monomer unit) was used
for most photochemical studies. Ratios of 1: 50 have been made with
success but smaller ratios are hard to make and easily form gels.
The remaining anhydride groups were then reacted with a variety
of chemicals, depending on the resulting solubility desired.

Reaction

with dilute aqueous ammonia gave a water-soluble product with a minimum of microgel formation and which would not precipitate upon
addition of ethanol until 80

%aqueous ethanol was reached. Reaction

of the remaining anhydride groups on the polymer with n-butylamine or
dipropylamine gave products which were soluble in water (but not at low
pH values) and in ethanol (but not in acetone or ethyl acetate). Reaction
with ethanolamine gave products which were highly viscous and soluble
in water with slight solubility at low pH values.

The ammonia-reacted

product was found to be the most desirable chlorophyll .:.polymer form
for use in this study. Acetone and excess ammonia were removed by
a flash evaporation technique before storing the chlorophyll
at low temperatures. Addition of 10
complex to loss of magnesium.
~l,

~polymer

%pyridine greatly stabilized the

The extent of attachment of chlorophyll

6-hexanediamine to the polymer was checked by attempting to extract

the unreacted chlorophyll a 9-amide with ether from the aqueous polymer
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phase in a separatory funneL

After 24 hours, less than 5

chlorophyll 9-amide was extracted"
chemical synthesis of the chlorophyll
The chlorophyll

~l,

3

of the

A diagram of the complete
~polymer

is found in Figo 6,

6-hexanediamine product was also attached

to succinic anhydride to form the chlorophyll a/monomer,

A solution

of succinic anhydride in acetone was added to the chlorophyll 9-amide
at a mole ratio of 100: 1. After several hours, the unreacted anhydride
was treated with dilute aqueous ammonia,

The formed succinamic

acid was not removed so that its effect could be comparable to that of
the polymer maleamic acid unit for use in the photoreactions, . Excess
ammonia was removed by flash evaporationo
Fluorescence Polarization
The value of the fluorescence polarization p is defined as:
111
111

p=

I.J..
l.l.

+

111 and I.Jo are the fluorescence intensity components parallel and per-

pendicular respectively to the direction of the polarized activating beam,
As the grating monochromator does not transmit all plane-polarized
light with equal facility, the true fluorescence intensities 111 and l.L
are related to the observed intensities 1'11
manner,
=

l'u

-1-,.J.

1

T

and

l~

in the following
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Fig. 6. Synthesis of the chlorophyll

~polymer.
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T is defined as the ratio of intensities of the vertical component to
the horizontal component of completely unpolarized light as observed
through the grating monochromator.

It varies with wavelength.

T

was determined by passing a beam of light from a small tungsten bulb
in the sample compartment through milk to completely scatter the
beam. The vertical and horizontal components were isolated by the
prism and the intensities observed through the fluorescence grating
monochromator. T was also determined by examining chlorophyll a
and chlorophyll

~n

- butylamine fluorescence in a low viscosity

medium (acetone). As p is nearly zero, T equals 1'11 /l'..J. . At 643
nm; Tis 0. 671 and at 672 nm, Tis 0. 702.

The values of T determined

by the two methods were within 5 percent.
Fluorescence polarization of the chlorophyll a/polymer was
studied in pH ll, 0. 01 M phosphate buffer with samples having different
ratios of Mg-chlorin e 6 acidamide moiety concentration to copolymer
units. A Tris· HCl buffer of pH 7. 5, 0. 5 M was also used.
The polarization values of chlorophyll a and chlorophyll a/l, 6hexanediamine were determined in castor oil. The concentration of the
chlorophyll com pounds was maintained between 0. 5 and I. 0 x 10

-5

M to

reduce self-absorption of fluorescence and still have enough fluorescence
intensity for measurement.
Light scattering by the polymer samples was found to be a major
problem in fluorescence polarization.

Particles of microgel were
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removed insofar as possible by centrifuging the acetone stock solution
in a Spinco preparative ultracentrifuge at 144, 000 x g for three hours.
The polymer stock solution was then filtered using pressure through
an ultrafine sintered glass filter.
To determine the effect of scattering, polarization values were
determined at two wavelengths positions.

The polarization at or near

the activation maximum included light scattering effects.
value was taken 12 - 22 nm to the red of the first.
scattered light was 10 nm.

The second

The band width of the

Light scattering did not affect the polarization

by more than 10 percent.
Photoreactions with the Chlorophyll a/polymer.
Photoreduction of the 9-amide derivatives of chlorophyll a as
well as photoreduction reactions with fast red S, phenazine methosulfate
· and phenosafranine were run in 12 cm long pyrex cells with a PerkinElmer Model 350 recording spectrophotometer. The top 4 cm of the
cell had been adapted with a thick-walled piece of pyrex tubing to allow
stopping of the cell with a rubber serum cap. The cell with 1 cm square
inside dimensions had four optically clear sides.
Oxygen was removed by flushing the cell contents with nitrogen
which was admitted by a hypodermic needle. After 10 minutes flushing, the reducing agents (hydrazobenzene, reduced quinones or ascorbic acid), which had been stored under nitrogen in serum capped
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bottles, were added to the other cell contents by means of a gas-tight
Hamilton microliter syringeo The cell was then flushed for 5 more
minutes. All samples were prepared under dim light conditions.
Prepurified nitrogen having a maximum of 8 ppm oxygen was
obtained from the Matheson Co.

It was further purified by washing it

through Oxsorbent, a commercially available solution of chromous
chloride from the Burrell Corp., Pittsburgh, Pa.

Because Oxsorbent

is highly acidic, a second gas washing bottle (with a fritted disc) containing 1 M potassium hydroxide was included next.

Excess water

spray was removed at the top of the gas washing bottle with a wad of
glass wool.
Unless otherwise noted, the chlorophyll a/polymer and chlorophyll a/monomer concentrations were 1. 2 x 10
was 8 x 10

-4

was 2. 5 x 10

M, fast red S was 2 x 10

-s

-5

-5

M, phenazine methosulfate

M, phenosafranine was L 0 x 10

dithionite was 1. 2 x 10

-2

M, hydrazobenzene

-s

M, and sodium

M.

Chlorophyll a/polymer (2 x 10

-5

M) and ascorbic acid (5 x 10

-2

M) were illuminated in pH 7. 5, 0. 2 M tris (hydroxymethyl) amino
methane - HCl buffer (Tris) and 10
action.

3

pyridine for the Krasnovsky re-

The photoreduction of chlorophyll

~polymer

and

chlorophyll~

monomer by leucophenosafranine and the photoreduction of pheophytin

~

monomer, fast red S, and phenosafranine by hydrazobenzene were run
in a 1:1:1 solvent mixture of water, ethanol, and pyridine.

48
The nature of the solvent is very critical in photoreactions of
phenazine methosulfate (PMS ) and quinones due to the varying solubility of the ubiquinones which is a function of the size of the isoprene
side chain. A pH 7. 5, 0. 3 M Tris· HCl buffer with 55
used.

3 ethanol was

The ubiquinones UQ 2 and UQ 6 (the subscript refers to the number

of isoprene units in the side chain) and trimethylquinone were added in
the reduced state.

The hydroquinone /PMS ratio was varied between

2 and 4.
The actinic light on the Per kin - Elmer Model 350 was filtered
through a No. 2-63 Corning sharp cut filter.

Changes in the pheno-

safranine and fast red S absorption peaks were monitored by the spectrophotometer at 530 nm.

Scattered red actinic light was removed by

placing a Spectrolab 530 nm (No. 1860 and No. 1860-1) interference
filter in the sample and reference compartments.

The PMS absorp-

tion peak was followed at 388 nm and a Corning No. 5-60 blue filter
was used to remove the red scatter.
Before and after illumination, transmission spectra were run.
The initial rate was determined from the slope of the transmission
change and the total extent of the dye reduced was calculated from the
photostationary position.
units per second.
about 5

3.

The rates were converted to absorbancy

This technique allowed a maximum deviation of

EXPERIMENTAL RESULTS
Adsorption of Chlorophyll _a on. Polymers of 4-Vinylpyridine
It has been observed that pyridine forms solvates with chlorophyll
that demonstrate a moderate degree of stability (24 1 25, 84, Appendix).
McCartin (ll5) describes the absorption spectra of chlorophyll in 50

3

aqueous pyridine without noting aggregate formation, yet we observe
aggregation in 50

3

aqueous ethanol.

We have synthesized water-sol-

uble polymers of 4-vinylpyridine and examined the formation of chlorophyll-polymer complexes in ethanol-water solvents.
Solutions in ethanol of chlorophyll a alone and with either poly
4-vinylpyridine or poly (4-vinylpyridine /N-isopropylacrylamide) were
diluted with various amounts of water so that the chlorophyll concentration was the same in each sample. Chlorophyll a with 4-ethyl
pyridine was used for comparison with the polymer samples.

Within

a minute after mixing, an absorption spectrum was taken to determine
the extent of chlorophyll-polymer complex formation from the change in
the red peak position and shape. The N-isopropylacrylamide copolymer
gave identical results with the 4-vinylpyridine homopolymer.
are shown in Fig. 7.

The results

Both the chlorophyll red absorption peak position

and width of the red peak change drastically in solutions which are less
than 55

3

in ethanol. This change is due to colloids which are formed

at a maximum rate in 40

3 aqueous

ethanol. The polymer starts to
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coprecipitate with the chlorophyll in 20 - 25

%aqueous ethanol. The

degree of chlorophyll-polymer complex formation is very much concentration dependent; so that at high polymer concentrations, a greater
amount of chlorophyll is polymer bound. The chlorophyll bound to the
polymer is apparently unstable with respect to colloidal chlorophyll
formation.

The precipitation of chlorophyll as a colloid is, however,

delayed by the presence of the polymer.
The concentration of the chlorophyll-polymer complex was so
small that polarization of fluorescence could not be detected.

The for-

mation of the chlorophyll-polymer is probably very reversible as the
complex must compete with water, which is also a strong complexing
agent with chlorophyll (59, 60).
Experiments with aqueous dimethylsulfoxide, dimethylformamide or acetone solvent mixtures gave results similar to those obtained
with aqueous ethanol solvents.

Increased amount of chlorophyll attach-

ment to the polymer upon addition of water was not observed.
Chlorophyll in 100

0

%pyridine exhibits a peak at 6715 A, while in
0

dry polyvinylpyridine films a peak at 6722 A . was observed.
0

of polyvinylpyrrolidone the sharp red peak was at 6695 A.
cast from ethanol solutions.

In dried films
The films were
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Seely* upon further examination of chlorophyll-polyvinylpyridine interactions in nitromethane, notes that the 1:1 chlorophyll0

polyvinylpyridine solvate has a maximum at 6666 A compared to
0

6637 A for the 1:1 chlorophyll 4-ethyl pyridine solvate in nitromethane.
0

Of the 29 A difference, the refractive index change owing to the
0

proximity of the polymer was estimated to be about ll A.
Properties of Chlorophyll a Bonded to
Poly (methyl vinyl ether / maleamic acid)
Structure of the 9-Amide Derivatives of Chlorophyll a
The structure of the 9-amide derivatives of chlorophyll a used in
this investigation are found in Fig. 8. A list of the accepted nomenclature of each as derivatives of chlorin e 6 according to the convention of
H. Fisher (17) is also included as well as a simplified name to be used
for convenience in this thesis.
A model of chlorophyll a and chlorophyll ypolymer (Fig. 9, 10)
was made using space -filling atomic models developed by Courtauld
Ltd., Maidenhead, England.

0

The porphyrin ring, about 14 A across,

0

was found to be about 9 A from the polymer.

If the Mg-chlorin e 6 -acid-

amide groups are linked one to every 100 anhydride groups on the polymer
0

they would be spaced about 450. A from each other.

*Seely, G. R., Private communication
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Compound

Substituent group R

Mg-chlorin e 6-6- N-butylcarboxamide,
phytyl methyl ester
(chlorophyll !(n - butylamine)
Mg-chlorin e 6 -6-N-(6'-aminohexyl)
carboxamide, phytyl methyl ester
(chlorophyll yl, 6-hexanediamine)
Mg-chlorin e 6 -6-N-(poly (methyl vinyl
ether /maleamic acid, ammonium
salt)) hexylcarboxamide, phytyl
methyl ester
(chlorophyll ypolymer)*

-(CH2) 6 [ NHCOCHCH 2

Mg-chlorin e 6 -6-N-(N' -hexamethylene
succinamic acid, ammonium salt)
carboxamide, phytyl methyl ester
(chlorophyll ymonomer) *

-(CH2) 6NHCOCH2CH2

CHOCH3CHC02-NH4+] n

C02-NH4+

*The magnesium-free chlorin e 6 derivatives will be called
pheophytin !fpolymer and pheophytin !Jmonomer.
Fig. 8. Structure and nomenclature of the 9-amide derivatives of
chlorophyll ! used in the present work.
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Fig. 9. Courtauld model of chlorophyll a.

F ig . 10. Courtauld model of the chlorophyll

~polymer.
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Visible Absorption Spectra
A known amount of chlorophyll a was treated with

~-butylamine

for determination of the molar extinction coefficient of the Mg-chlorin
e 6 -acidamide product of chlorophyll with amines.

In acetone the aver+4 -1
-1
age values of the molar extinction coefficient were 6. 31 x IO M cm

+4

at 641 nm and 17. 2 x 10

M

-1

cm

-1

at 415 nm .. A comparison of the

molar extinction curves of chlorophyll a and the chlorophyll yn-butylamine product in acetone is found in Fig. IL

The chlorophyll yl, 6-

hexanediamine product exhibits a similar Mg-chlorin e 6 spectra
and is shown in Fig. 12. The inset presents the area of lower absorption in greater resolution, illustrating the absolute minimum at 468 nm
and a characteristic maxima at 523 nm.
Formation of the chlorophyll ypolymer complex by reaction of
the chlorophyll yhexanediamine product with GANTREZ AN gave a
similar spectrum as the amine product, but with less detaiL

In water

and after reaction of the remaining anhydride groups with ammonia,
the absorption peaks became slightly broader than in acetone.

The

spectrum of the polymer complex in water at pH 7. 5 is found in Fig.
13. The wavelength position of the red peak was dependent on the sol vent environment. This solvent effect is summarized in Table II.

The

difference between the red peak positions of chlorophyll yl, 6-hexane0

diamine and chlorophyll ypolymer in acetone is very small, only 4 A.
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TABLE II
Absorption peak positions of the
9-amide derivartVes of chlorophYIT a

Red
peak

Soret
peak
0

0

A

A
Chlorophyll

Solvent
conditions

Absorbance
ratio
Soret/red

~polymer

6397
.6413
6413
6417
6438
6440
6441
6443

4188
4147
4145

2.88
2.98
2.95
3.06
2.84
2. 27
2.55

Water extracted with ether
70 3 aqueou~ ethanol
Water, NH 4 salt of polymer
Acetone
pH 7. 5, 0. 1 M Tris· HCl buffer
pH 10, 0. 5 M Phosphate buffer
1: 1: 1 Water, ethanol, py:(idine
0.01 M NH4 OH

2. 77
3.30

pH 5. 0 Acetate buffer
1: 1: 1 Water, ethanol, pyridine

2.84
2.53

Ethanol
1: 1: 1 Water, ethanol, pyridine

Pheophytin ~polymer
6644
6641
Chlorophyll

3978
4027
~monomer

6408
6439
Chlorophyll
6413
6438
6466
6472
6474
Chlorophyll
6409

4151
4200
~ 1,

6-hexanediamine
4148
4186
4177
4308

2.81
2.85
2.46
2. 76
2.84

Acetone
Dimethylsulfoxide
-3
1: 1 Acetone, pH 10 P0 4 buffer
Pyridine
Piperidine

~E_- buty lamine

4148

2. 74

·Acetone
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The chlorophyll a/monomer also has a very similar spectra to that of
the polymer.

The shift in the red peak in different solvent conditions

is probably a combined effect of refractive index and basicity of the
solvent. If the excess ammonia is removed by several hours of flash
0

evaporation, the peak is 30 A less.

Solvent effects on chlorophyll

~

spectra have been more extensively examined and will be discussed in
the Appendix of this dissertation.
Treatment of the chlorophyll

~polymer

with dilute HCl causes

a loss of the magnesium atom and the chlorin e 6 -acidamide diester
(pheophytin

~polymer)

is left. The excess HCl was neutralized with

base and the pH stabilized with pyridine.

The absorption spectrum

shows two major peaks at 664 nm and 403 nm (Fig. 14). A characteristic maximum is also found at 502 nm.
Fluorescence Spectra and Polarization
Excitation of the chlorophyll

~polymer

sample in pH 10. 5

phosphate buffer (O. 5 M) with 414 nm radiation gives fluorescence,
with a maximum at 648 nm, as shown in Fig. 15. The corresponding
absorption peak was located at 644 nm.

No fluorescence quantum yield

measurements were made; however, it was noted that the

chlorophyll~

polymer does give a greater intensity of fluorescence than chlorophyll a,
Fluorescence polarization measurements of the complex were made
in aqueous buffers in order to judge the extent of rigidity of the chlorophyll
9-amide binding to the polymer. The maximum p values observed in the
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red are compared with polarization values of chlorophyll a and chlorophyll a/l, 6-hexanediamine in castor oil in Table III. Light scattering
had little effect on the degree of fluorescence polarization as evidenced
by the agreement between the p values observed at several wavelengths,
Increase of the ratio of Mg-chlorin e 6 acidamide moieties to copolymer
units also did not change p significantly,
The magnitude of polarization changes with variati.on of the excitation wavelength due to the presence of different absorption oscillators,
This effect as examined for the chlorophyll

~polymer

in pH 7. 5 Tris· HCl

buffer is shown in Fig. 16. Absorption and polarization spectra are also
included for chlorophyll a and chlorophyll
oil for comparison,

~l,

6-hexanediamine in .castor

The region from 460 nm to 560 nm was not included

as results were not reproducible due to the low amount of absorption of the
chlorophyll compounds. The fluorescence polarization spectrum of chlorophyll a in castor oil agrees well in general shape with that already determined by Gouterman (34) and Arnold and Meek (ll6). The longest wavelength absorption band has a large positive polarization p
regions of negative polarization at 585 nm and 450 nm.
~l,

The chlorophyll

6-hexanediamine product in castor oil also has a long wavelength

polarization of p
The chlorophyll
of p

= + 0. 42 with

= + 0, 42 with

~polymer

= + 0.12 and

a negative minimum region around 430 nm,

in the aqueous buffer has a maximum polarization

a negative region around 430 nm.

Even though the chloro-

phyll a 9-amide moiety is separated from the polymer by a nine atom
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TABLE III

Comparison of fluorescence polarization

~

Sample and Solvent

§

·~

~

s
cO

::>·~

·~

~

><

a:!

~s
nm

Q)

i:::: ()
0 i::::
·~
·'-'

Q)

Q) ·~
() ~

U1

Q)

a:! ()

::>

H

Q)

U1

Q)

() i::::
i:::: 0

Q)

H

0

U1

a:!

.~

H H
0 a:!
::l ,......;

..0 ::l
o~

,......; 0
i:r. 0..

nm

p

Chlorophyll a in castor oil

668

672

0.41

Chlorophyll ~1, 6-hexanediamine
in castor oil

644

644
651

0.42
0.44

Chlorophyll ~polymer in 0. 01 M
P0.4 3, pH 11, i: 1000 ratio

642

1:500 ratio

643

643
650
660
643
665

0.14
0.14
0. 12
0.14
0. 14

1:300 ratio

643

643
665

0. 13
0.12

1: 200 ratio

643

643
665

0. 14
0. 13

1: 100 ratio

643

1: 50 ratio

644

643
665
643
665

O"
0.
0.
Oo

Chlorophyll ~polymer .in 0. 5 M
Tris-HCl, pH 7. 5, 1:300 ratio

644

11
11
11
10

643
0. 14
0. 12
655
Determined by excitation at the activation maxima and observed as
fluorescence at the wavelengths listed. The two were separated to
minimize effects of scattering. The chlorophyll concentration was
maintained between 0. 5 to 1. 2 x 10- 5 M.

65

0.5
0.3

,

I

0. I

I
,'

I

I

I

...... _,,, , - ,

,

I

,'

,

'

,,,,..,.,- l' ---·-···
' ..'

,

I

'

/

I

I

I

'

I

-0. I

d
d
lJJ
~

t:i...J

lJJ

a::

. -'
/

,,

I

I

,,\

,,

\

'

\

''
'
''
''
'
\

400

I

\

I

I
I
I
I
I

\

\

\
'

\
\
\

'

\
\

'

450

600

x.,nm

650

\

700

Fig. 16. Comparison of the absorption spectra and fluorescence
polarization spectra of chlorophyll a and the chlorophyll
a/polymer. The solid line is the chlorophyll ~polymer
in pH 7. 5 Tris- HCl buffer. The small dashed line is
chlorophyll a and the large dashed line is chlorophyll a/
1, 6-hexanediamine, both in castor oil.
-

66
chain and subject to rotation, enough restriction of rotation is present
for polarization of the fluorescence.
Photoreactions with the Chlorophyll _g_/polymer
Photoreduction of the Chlorophyll

~polymer.

One of the most interesting photochemical properties of
chlorophyll is its ability to be photoreduced in the presence of a
weak reductant (80).

In pyridine solutions and in the absence of

oxygen, chlorophyll is reduced by ascorbic acid when excited by light.
Since the photoreduction is reversible and energy- storing, the reaction
has been postulated to be related to the primary photochemical process
of photosynthesis. This reaction is known as the Krasnovsky reaction
after its discoverer (80).
Photoreduction of chlorophyll a/polymer by ascorbic acid in
aqueous pyridine solutions was much slower than any of the other
chlorophyll

stimulated photoreactions examined in this

~polymer

study even at twice the light intensity. The maximum extent of formation of the "pink" reduction product was reached after 15 minutes

+s

illumination at 1. 5 x 10

ergs cm

photobleached the chlorophyll

-2

-1

sec . More illumination only

~polymer

as evidenced by the loss of

the Soret and red peaks without an increase in the amount of reduced
chlorophyll a/polymer being formed.

This loss is probably due to

further reduction of the "pink" product giving rise to the apparent
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photostationary state at 530 nm.

The sample was almost completely

regenerated after allowing the cell to stand in the dark for several
hours open to the atmosphere.

Spectra of the chlorophyll a/polymer

before and after 15 minutes red light illumination are found in Fig. 17.
Leucophenosafranine and dithionite also reduced the chlorophyll
9-amide derivatives in the light to give a different reduction product
with peaks at 623 nm and 412 nm.

Hydrazobenzene would not reduce

the chlorophyll 9-amide derivatives but it would reduce the pheophytin
~monomer.

These reactions will be discussed later.

Irradiation with white light of an aqueous solution of the chlorophyll

~polymer

in pH 7. 5, 0. 1 M Tris· HCl buffer causes a slow loss

of the chlorophyll 9-amide with slight formation of a cloudy colloid.

No

new absorption peaks appeared. Flushing oxygen through the sample for
30 minutes resulted in a 20 per cent loss in the chlorophyll a/polymer
in the dark.
Azo Dye Photoreduction
Chlorophyll has been known to sensitize the photoreduction of
many dyes.

Azo dyes, especially methyl red (65, 90, 91, ll7), butter

yellow (ll8) and fast red S (74) undergo photoreduction with such hydrogen donors as ascorbic acid, hydrazobenzene, phenylhydrazine and
cysteine.

The chlorophyll a/polymer complex can also catalyze the

reduction of azo dyes.

Because it is water-soluble and the presence of
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its absorption maximum (broad about 520 nm) lies between the two
chlorophyll peaks, the light-insensitive azo dye fast red S was used as
the dye to be photoreduced by ascorbic acid in the presence of chlorophyllin at pH 7. 0 (7 4),
Using the chlorophyll ypolymer as the photocatalyst, the re duction of fast red S by hydrazobenzene was examined,

No perceivable

photoreduction of fast red S was noted with ascorbic acid; however, with
hydrazobenzene, fast red S was reduced 90 per cent in less than two
minutes with an initial rate of 2 moles of dye reduced per minute per
mole of chlorophyll attached to the polymer, The chlorophyll vpolymer
and fast red S absorption spectra before and after illumination are shown
in Fig. 18. The chlorophyll ypolymer remained unchanged during the
reaction.
Photoreactions with Phenazine Methosulfate and Quinones
The photooxidation of reduced phenazine methosulfate (PMSH)
was observed with the chlorophyll vpolymer in a buffered ethanolwater solvent, When oxidized PMS and reduced quinone are mixed
anaerobically in the dark, they equilibrate chemically. Illumination
by red light with the chlorophyll ypolymer caused a reversible shift
in the equilibrum as observed at 388 nm, resulting in an oxidation of
PMSH (Fig. 19). The extent of the shift was linearly dependent on the
light intensity. Reactions with UQ 6 had an initial rate of about 1. 5
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Fig. 19. Photooxidation of phenazine methosulfate by ubiquinones
with the chlorophyll !fpolymer. UQ 6 or UQ 2 (5 x 10-5 M),
PMS (2. 5 x 10-S M), and the chlorophyll !fpolymer (Ix
10-5 M) are in 55 3 aqueous ethanol with pH 7. 5 Tris - HCl
buffer.
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moles of PMSH oxidized per minute per mole of chlorophyll

~polymer,

while with UQ 2 the rate was I. 2 moles PMSH oxidized per minute per
mole chlorophyll

~polymer.

In the buffered ethanol-water solvent chlorophyll a/n-butylamine sensitized little reaction.
formation.

This is probably because of colloid

Addition of a detergent, Triton X-100 1 allowed PMSH photo-

oxidation to proceed in a manner similar to that reported by Vernon
et al (100), using chlorophyll a and Triton X-100.

The chlorophyll

~

polymer system was not stimulated by addition of Triton X-100.
Vernon {100) also noted that TMQH 2 would act as an electron
donor in the photoreduction of PMS in the presence of chlorophyll and
Triton X -100. The nature of the reaction was found to be dependent
on the solubility and the stateof ionization of the reactants.
when chlorophyll

~polymer

However 1

was used, this photoreaction was not ob-

served, even when the conditions were varied (pH 5. 5 to 7. 5, various
TMQH 2/PMS ratios and addition of Triton X-100).

Dimethyl- and

monomethylhydroquinone were also inoperative. In the presence of
the detergent, chlorophyll

~n-butylamine

gave a small reduction of

PMS by TMQH2.
Photoreduction of Phenosafranine
Several azine dyes have been used successfully to demonstrate
photoreactions catalyzed by chlorophyll.

The photoreduction of phena-

zine methosulfate in the presence of the chlorophyll a/polymer was
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discussed in the previous section.

Safranine T photoreduction in the

presence of chlorophyll has been examined both qualitatively and from
a kinetic viewpoint (81, 82, 104). Recently, Seely (105) has noted the
kinetics of ethyl chlorophyllide sensitized photoreduction of pheno·safranine by hydrazobenzene and has proposed a reaction mechanism
consistent with the data.
The photoreduction of phenosafranine by hydrazobenzene has
been examined with the chlorophyll
and chlorophyll

~n-butylamine

~polymer.

Chlorophyll

~monomer

were also used for comparison. The

conditions of the reaction were presented previously.

Both the initial

rate of reaction and percent of total dye reduced were determined in
each experiment. Illumination of any combination of the three com ponents (chlorophyll 9-amide derivative, phenosafranine, hydrazobenzene) would only give a reaction if all three were present. Reduction of the chlorophyll

~polymer

by hydrazobenzene was not noted.

However, a small (less than 2 %) and quickly reversible decrease in
the phenosafranine peak was noted when a mixture of the dye and the
chlorophyll derivative was illuminated. This absorption change was not
due to light scatter; it probably represented a partial reduction of some
of the dye by the chlorophylL The change was dependent on the light intensity and quickly returned upon extinguishing the light.
No dye reduction was noted with ascorbic acid, probably because
the reaction is quickly reversible in the dark (105). Sensitized reduction
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with cysteine and hydrazobenzene was not reversible in the dark if
oxygen was excluded. The chlorophy11 ~polymer was not affected
by the reaction.

Because the cysteine reaction was about one fif-

teenth as fast as the hydrazobenzene reaction, hydrazobenzene be came the reducing agent of choice.

Phenosafranine could be regener-

ated immediately and quantitatively upon exposure to air.
During illumination the reduction of phenosafranine reaches a
photostationary state, a level which is independent of light intensity
and unchanged in the dark.

This indicates that a back reaction is

present which is light driven.
at the photostationary state is

The amount of phenosafranine reduced
diffen,:~nt

derivative used. With the chlorophyll

depending on the chlorophyll

~polymer

safranine is reduced while with the chlorophyll
60

3

92

3

of the pheno-

~monomer

is reduced. Spectra of phenosafranine with the

only 55 -

chlorophyll~

polymer and the chlorophyll ymonomer before illumination and at
the respective photostationary states are shown in Fig. 20.

The

initial rate of reduction was linearly dependent on the intensity of the
actinic light as well as on chlorophyll concentration.
Variation of the initial rate with phenosafranine dye concentration
fits the following kinetics.

dt

=

-

(ct[n+~
\
dt Joo
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[D+] is the dye concentration,(d [D+]) is the reaction rate at infinite
\
dye concentration.

dt

00

k 2 is the reaction rate constant for reaction of

dye with the excited, triplet state chlorophyll derivative leading to
reduction, while k is the rate constant for the loss of energy of the
1

excited derivative by processes not giving reduction.
The reciprocal of the initial reaction rate versus the reciprocal
of the dye concentration for the chlorophyll

~/polymer

and the chloro-

phyll ymonomer sensitized reactions are plotted in Fig, 2L As 1/ d [D+]
dt
approaches zero, k 2 /k1 = -1/[D+J.

For both reactions the points con+S -1
verge toward the same intercept giving k 2 /k = 7. 2 x 10 M . From
1
the zero intercept of l/[D+], the initial reaction rate at infinite phenosafranine concentration (d[D+] )for the chlorophyll a/polymer system is
dt
00
about 16. 8 moles of dye reduced per mole of chlorophyll derivative per
minute.

The rate for the chlorophyll ~monomer is about. 20. 4 moles of

dye reduced per mole of chlorophyll derivative per minute.

Even though

the initial rates varied somewhat with different polymer samples, the
rates of the monomer and polymer systems were comparable.
The percent total dye reduction at the photostationary state did
not vary with phenosafranine concentration.
The effect on the initial rate by variation of hydrazobenzene at

/.
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Fig. 21. Variation of phenosafranine concentration with the initial rate of photoreduction.
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constant dye concentration is shown in Fig. 22. A straight line is
generated when initial rates are plotted versus the log of hydrazobenzene concentration indicating the following rate expression

dt

=k

(AH]x

where AH is the concentration of the reducing agent, xis the observed,
pseudo-order of the reaction and k is the rate constant. In the presence
of the chlorophyll ypolymer, x was experimentally determined to be
0. 21. With the chlorophyll ymonomer x was 0. 26 and with the chlorophyll a/n-butylamine x was 0. 36. As the values of the apparent order
are all fractional, it is obvious that the mechanism of the entire reaction is complex. Seely* had also noted similar kinetic pseudo-orders
with variation of ascorbic acid in methyl red photoreduction sensitized
by ethyl chlorophyllide a. At present, there is no explanation for this
kinetic effect.
In Fig. 23, the percent total phenosafranine reduced at the photostationary state is compared to the change in hydrazobenzene concentration.

With the chlorophyll polymer and monomer complexes the

percent of reduction is maximal above 5 x 10

* Seely, G. R., Private Communication.

-4

M hydrazobenzene.
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The presence of the polymer does not affect much the initial rate
but it does increase the percent total reduction of the dye over that of
the monomer system.

When amounts of poly (methyl vinyl ether/ male-

amic acid), the reaction product of GANTREZ AN and ammonia, were
added in the presence of the chlorophyll

~monomer

or the chlorophyll

a/n-butylamine, no increase of total dye reduction was found: indicating
that only when the Mg-chlorin e 6 moiety is bound to the polymer is an
increase in percent total dye reduction possible.
The pH of the 1: 1: 1 water-ethanol -pyridine sol vent was lowered
by addition of small amounts of acetic acid.

This considerably decreased

the initial rate and the extent of phenosafranine reduction as sensitized
by the chlorophyll
phyll

~monomer

~polymer

whereas it had little effect on the chloro-

system (Fig. 24).

This decrease at lower pH values

indicates that the carboxylate anions on the polymer may play a significant role in the mechanism of the dye reduction with the chlorophyll

~

polymer. At pH values less than 6 it becomes difficult to check this
hydrogen ion effect due to the increase loss of the magnesium atom to
form the pheophytin

~polymer.

The ionic strength of the solution displays a very marked effect
on the photoreduction reaction as catalyzed by chlorophyll

~polymer.

Amounts of potassium chloride were added and the initial rates were observed with the results shown in Fig. 25. The chlorophyll

~monomer
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rates are slightly affected at concentrations greater than 2 x 10

-2

KCl, whereas 50 percent inhibition of the rate is noted at 6 x 10
KCl with the polymer complex.

M

-4

M

The retardation of the rate is probably

a function of the solubility of the polymer as precipitation of it was
noticed at KCl concentrations greater than 4 x 10

-3

M.

When phenosafranine was photoreduced in the presence of the
chlorophyll a/polymer or chlorophyll

~monomer

contaminated by

their pheophytin derivatives, the pheophytin form was slowly reduced
in the light leaving the chlorophyll form behind, the monomer being
reduced much faster than the polymer.
at pH 9. 0 of the pheophytin

~polymer

To understand this, solutions
and the pheophytin

with hydrazobenzene were illuminated with red light.
~polymer

was slowly reduced.

rate and extent as with the chlorophyll
~monomer

The pheophytin

If phenosafranine was added, it was

reduced in preference to the pheophytin

pheophytin

~monomer

~polymer

~polymer.

and at the same
In contrast, the

was reduced directly and quickly by hydrazo-

benzene. Addition of phenosafranine had no effect and was not reduced.

Spectra of the formation of reduced pheophytin

with hydrazobenzene are found in Fig. 26.

~monomer

Upon reduction, the Soret

band is shifted to about 425 nm. The 662 nm peak is lost with consequent formation of a broad band at 540 nm and a smaller, sharper peak
at 636 nm. Addition of oxygen regenerated about 80 percent of the original pheophytin a/monomer concentration.
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When sodium dithionite instead of hydrazobenzene was added to
the reaction system, very little reduction of the chlorophyll 9-amide
derivatives was observed.

When phenosafranine was added, it was

reduced in the dark by the dithionite to leucophenosafranine.

In red

light the chlorophyll a/monomer was reduced by leucophenosafranine
to the extent of 70 percent in five minutes, while during the same time
the chlorophyll a/polymer was reduced less than 10 percent.

The reduced

form has absorption peaks at 623 nm and 412 nm as shown in Fig. 27. If
oxygen is added, the oxidized peak of phenosafranine reappears and the chlorophyll a/monomer red peak returns to about 50 percent of the original absorbance but is located at 635 nm instead of 642 nm.
Ferrous ions can also serve to a limited extent as electron donors
in the photoreduction reaction of phenosafranine in the presence of the
chlorophyll a 9-amide derivatives.

The photoreduction reaction goes

quickly to a position of equilibrium at about 3 percent dye reduced at a
ferrous chloride concentration of 1 x 10

-4

M.

The reaction is quickly

reversible when the light is turned off due to the fast back reaction of
ferric ion and reduced phenosafranine in the dark.

The photostationary

state between oxidized and reduced dye is a function of the amount of
ferric ion available and is slowly shifted toward more reduced dye as
ferric hydroxide is formed with the aqueous solvent.

The polymer re-

tards this shift in the photostationary state probably by complexing
with the ferric ions and thereby retarding ferric hydroxide formation.

1.0-1

A-2.0

·u i i \

I-

\

>

~

I'\

~.

~ 0.6 \\.
/
-'
\~' - 'I
<(

-

,
,,

\

i

,-\

'

''

''
'

''

,_,f1\I \

(.)

IQ..
0

,/
,, ,

#>

I

0.2
360

I

I

I\\
1

·'

~

440

:/ -\ \

--

520
WAVELENGTH, nm

I

00

-...J

600

Fig. 27. Photoreduction of the chlorophyll !fmonomer by leucopheno~afranine in excess sodium dithionite.
The solid line is the chlorophyll !fmonomer with 1. 25 x 10 M leucophenosafranine in 1:1:1
water-ethanol-pyridine. The dot-dashed line is after 5 minutes illumination and the long dashed
line is after 10 minutes illumination. The short dashed line indicates the position of the absorption
maxima after regeneration overnight open to atmosphere.
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When the reaction is observed in non-aqueous solvents, as is possible
with the chlorophyll a/monomer, no shift is noted.
It had earlier been determined in this laboratory that of the
possible free radicals which could be generated during the reduction
of phenosafranine by hydrazobenze, only the semiquinone form of phenosaf ranine had a long enough lifetime to be observed by electron para magnetic resonance spectroscopy.

The lifetime of the presumed hydra-

zyl radical of hydrazobenzene is not long enough to be detected by this
technique.

The decay of the phenosafranine semiquinone which is

probably collision dependent can be expressed in terms of an equilibrum
constant K.
K=

[D. ]2

+

[D ] (DH]
In the presence of the chlorophyll a/polymer, K was determined
to be 7. 2 x 10

-s

while with the chlorophyll a/monomer K was 2. 0 x 10

-4

DISCUSSION AND CONCLUSION

Properties of the Chlorophyll a/polymer
The stable attachment of chlorophyll to a polymer is an approach
to the rigid, ordered condition of chlorophyll in the plant chloroplast.
Although the chemical structure of the chlorophyll molecule has been
altered by aminolysis of the cyclopentanone ring, the resulting Mgchlorin e 6 acidamide derivative will still participate in both photore duction and oxidation reactions similar to those of chlorophyll,

This

indicates that even with the loss of ring V, many similarities are observed for chlorophyll a/polymer sensitized reactions and those of
in vivo chlorophyll.

With the water-soluble chlorophyll a/polymer

it was possible to examine photoreactions using cofactors which are
soluble only in aqueous media.

In such solvents chlorophyll a forms

colloidal aggregates because of its hydrophobic character.
At pH values greater than 6 the polymer moiety is partly ionized
and attracts cations to it.

The photoreduction of the Mg-chlorin e 6

moiety by ascorbate is severely diminished under these conditions
probably owing to the repulsion of the ascorbate anions by the polymer.
The photoreduction of the positively charged phenosafranine is enhanced, because of its attraction to the polymer.

This may be similar
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to the manner in which the ordered molecular environment in the
chloroplast controls the cofactors that transfer the energy of the
activated chlorophyll for use in photosynthesiso
The restriction of free rotation of the Mg-chlorin e 6 moiety
on the polymer is probably due to interference by a certain amount
of chain coiling by the polymer

0

Kinetics and Mechanism of the
Photoreduction of Phenosafranine
The experimental kinetic data for the photoreduction of phenosafranine, as sensitized by the chlorophyll a/polymer, are compatible
with the following incomplete mechanismo

The major steps generally

agree with the proposed mechanism of ethyl chlorophyllide a sensitized
photoreduction of phenosafranine (105).
phyll a/polymer.

Chl/p represents the chloro-

D+, D· and DH are phenosafranine, its semiquinone

form and leucophenosafranine respectivelyo

AH 2 , AH· and A are hydra-

zobenzene, the presumed hydrazyl radical and azobenzeneo

The ob-

served rate of photoreduction is linearly proportional to the amount
of light absorbed, represented by Ia, and a is the probability of conversion to the triplet state from the singlet stateo 13 1 and /3 2 are the
probabilities that triplet state chlorophyll a/polymer (Chl/p*) upon
reaction with phenosafranine or leucophenosafranine is oxidized or
reduced.
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Chl/p+ hv - - Chl/p'

rate =Ia

(1)

(Chl/p' = singlet excited chlorophyll a/polymer, Chl/p* =triplet)
Chl/p' - - - - C h l / p

rate = (1 -a)Ia

(2)

(Singlet decay, including fluorescence and internal conversion,
excluding transfer to the triplet state)
Chl/p'

---~

Chl/p *

(Transfer to triplet state)
k1
Chl/p* - - - - Chl/p

rate =ala

(3)

-1
k1...,lOOO sec (ll9)

(4)

(Triplet decay)
+ (l-{31) k2
Chl/p*+ D
Chl/p + D+

(5)

(Dye-induced triplet decay)
f31k2
Chl/p* + D+ - - - Chl/p· +

(6)

(Photooxidation of chlorophyll
Chl/p· +

+ AH2

k3

+ D·

~polymer)

Chl/p + AH

0

+ H+

(7)

(Oxidation of hydrazobenzene)

+

Chl/p· +DH

k4

Chl/p + D· + H+

(8)

(Oxidation of leucophenosafranine)
(1-{3 2)k5
Chl/p* +DH
Chl/p +DH

(9)

(Leucodye-induced triplet decay)
/32ks
Chl/p* +DH
Chl/pH· + D·

(10)

(Photoreduction of chlorophyll

k6

~polymer)

Chl/pH· + A - - - Chl/p +AH·

(11)

(Reduction of azobenzene)

+ k7

Chl/pH· + D

Chl/p + D· + H+

(Reduction of phenosafranine)

(12)
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The radical D· is in equilibrium with DH and D+: the equilibrium
constants having been determined by electron spin resonance spectroscopy to be about 7. 2 x 10-s in the chlorophyll ~polymer sensitized reaction.

The radicals AH· are removed rapidly, probably by any number

of possibilities, e.g. reaction with D+ or DH, disproportionation to
AH 2 and A, and reaction with polymer and even solvent.

ESR measure-

ments fail to indicate accumulation of AH· .
Steps (1) to (3) are the accepted light reactions for formation of
the triplet state. Step (6), the primary step leading to dye reduction,
is the photooxidation of triplet chlorophyll

~polymer

by phenosafranine.

Only by postulating a reaction with the triplet state can rates of the
magnitude observed be possible, as the lifetime of the singlet state is
too short (ll9, 120). That phenosafranine reacts in the initial, primary
step with excited chlorophyll is supported by the fact that hydrazobenzene
is inactive as a reducing agent for the chlorophyll
water-ethanol-pyridine solutions.

~polymer

in 1:1:1

Furthermore, when the chlorophyll

9-amide derivatives and phenosafranine are illuminated, a small quickly
reversible reduction of the dye is noted. Seely (105) also observed evi dence for the primary reaction step between excited chlorophyll and dye.
The weak ESR signal from an ethyl chlorophyllide solution being illuminated is tripled in the presence of phenosafranine, but unaffected by
hydrazobenzene. Also, upon adding {3-carotene, the quantum yield of
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the phenosafranine photoreduction reaction as sensitized by ethyl
chlorophyllide depends on the carotene /phenosafranine ratio rather
than the carotene /hydrazobenzene ratio. ,8-carotene is used because
it is known to quench the triplet state of chlorophyll (121).
Variation of the initial rate with phenosafranine dye concentration gives k 2 /k 1 :::: 7. 2 x 10+s M-l (Fig. 21).

If it can be assumed

that the decay of the triplet state of the Mg-chlorin e 6 moiety is about
the same as that determined for chlorophyll alone, k is about 1 x 10- 3
1
-1
+8 -·l
-1
sec (ll9). The rate constant k 2 becomes 7. 2 x 10 M sec .
The simple bimolecular rate constant for diffusion-controlled
reactions as a function of viscosity (122) is given as
8RT

3000 Y/
where YI is the viscosity of the solvent in poises.

In the 1:1:1 water-

+9 -1
-1
ethanol-pyridine solvent, kd equals about 3 x 10 M sec .
Comparing kd with k 2 indicates that the rate of reaction of triplet
chlorophyll

~polymer

and dye is very nearly diffusion dependent.

In contrast to ethyl chlorophyllide- sensitized photoreduction of
phenosafranine by hydrazobenzene (105), the chlorophyll
and chlorophyll

~monomer

~polymer

sensitized reactions proceed to a photo-

stationary state when illuminated and remain unchanged in the dark.
This would indicate that the reaction mechanism consists of light-driven
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forward and back reactions"

The forward reactions are proposed

in steps (5) to (8} and the back reactions are steps (9) to (12).
Observation of chlorophyll

~polymer

photoreduction by leucopheno-

safranine supports steps (9) and (10).
Seely (105) found it necessary to propose the presence of a
long- lived complex between oxidized ethyl chlorophyllide a and hydrazobenzene due to retardation by reaction products. The retardation is
due to the complex, [Chl· + AH 2 ], reacting with DH instead of decomposing to Chl and AH·. The retardation was not eliminated by
increasing [AH 2 ]"
Although a retardation of the chlorophyll

~polymer

was observed, it was eliminated at higher (AH 2].

reaction

Upon comparing the

rate divided by the initial rate (V /Vi) versus (DH]l[DHps], where
(DHpsJ is the leucophenosafranine concentration at the photostationary
state, the values at higher [AH 2 ] for the chlorophyll ypolymer and
chlorophyll

~monomer

sensitized reactions fall on the same curve

(Fig. 28). This indicates similar kinetics between the two chlorophyll
4

9-amide derivative systems. At (AH 2 ] less than 6 x 10- M retardation
is observed. Competition between AH 2 and DH for Chl/p·

+ as shown in

steps (7) and (8) would explain this. Although a (Chl/p· + AH 2 ] complex
may be formed, it does not seem to affect the kinetics.
If the usual steady state approximations are made for all of the
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(AH 2 ] x 10+ 4 M
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Fig. 28. Correlation of V/Vi and (DH]l(DH2s] for the chlorophyll !fpolymer and the chlorophyll
~monomer. The concentrations of hydrazobenzene were used with the chlorophyll !f polymer
except where noted. V and Vi are the reaction rate and the initial reaction rate respectively.
[DHps] is the leucophenosafranine concentration at the photostationary state.

96
transient species, the rate of loss of phenosafranine or the appearance
of leucophenosafranine becomes
d_[D_H~]
2_ _
dt

= _ _ _a~I_a_ __.____

I\ k 2 (D~ k 3 [AH 2]

(

kl+ k 2 [D+] +ks [DH]

k 3 [AH 2] + k4 [DH]

f3 2k5 (DH]k 6 (A] )
(13)

k 6 [A] +k 7 [D+]
Ar. the photostationary state,

+

/31k2 [D ]k3 [AH2]
k3 [AH2] + k4 [DH]

=

d [DH]
dt

= 0 and

/32k5 [DH] k6 [A]
(14)

k6 [A]+ k1 [D1

It is reasonable to assume, that even at the photostationary state,
k 7 [D1 is greater than k 6 [A].

If [A] =[DH] then

[DH]

)
(15)

[AH2]
When the left side of eq.(15) is plotted against [DH]l[AH 2] the points
for .the chlorophyll

~polymer

and the chlorophyll

~monomer

systems

at the photostationary state fall on a straight line (Fig. 29). . At high
(AH 2] the values for the chlorophyll

~polymer

system deviate.

can be explained if the hydrazobenzene sample contained a little
azobenzene.

This

0
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Fig. 29. Correlation of [DH]l[AH 2 ] versus [o+] /[DH] 2 at the photostationary state. Chlorophyll
a/polymer (0), and the chlorophyll ~monomer (a).
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From the intercept with the chlorophyll
becomes 220
(105) of 200

~monomer

system, k 4 /k3

+ 20 %. This compares with the value determined by Seely

+ 40 3. With the chlorophyll ~polymer system k 4 /k 3 = 15. 4.

The slope .B 2k 5 k 6 /f31k 2k 7 gives 0. 21 for the monomer system and 0. 02
for the polymer system.
The difference between the monomer and polymer system as

shown in Fig. 29 may be explained by the attraction of the polymer for
the cationic phenosafranine. This augments the concentration of the dye
molecules around the excited Mg-chlorin e 6 moiety, thus favoring the
forward reaction over the back reaction. The net result is the increased level of the photostationary state at 90

3 dye reduction

instead of 60 %. Furthermore, the ratios of the rate constants k 4 /k 3
and {3 2k 5 k 6 /{3 1k 2 k 7 are different for polymer and monomer systems,
If an augmentation factor E is introduced as the ratio of the concentration of the dye in the neighborhood of the polymer to the stoichiometric
concentration in solution, and if the assumptions of Equation (15) are
retained, the equation for the chlorophyll

~polymer

at the photo-

stationary state becomes
(16)

If the rate constants are the same for both systems, then E

However, if k 4 /k 3 is accepted as indicated at [D+]
then E

= 3. 2 becomes

the lower limit.

2

/

[DH]

2

=12. 3.

=0 in Fig.

29,

There may be between 3. 2 and 12. 3
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times as much dye localized around the chlorophyll

~polymer

as in

solution. The actual value is probably closer to the lower limit as the
presence of the polymer may affect the rate constants.
It is not possible at present to determine the absolute values of
all of the rate constants.
about 1000 sec

-1

(ll9).

triplet chlorophyll

From decay studies of triplet chlorophyll, k1 is

The rate constant k 5 of the back reaction of

~polymer

and leucophenosafranine is probably of

the same magnitude as the forward rate constant k 2 , which equals

+8

7. 2 x 10

M

-1

sec

-1

. The level of the chlorophyll

stationary state is indicative of this.

~monomer

photo-

In contrast, the rate constant
5

for reaction of triplet chlorophyll and ascorbic acid is 1. 9 x 10+ M - l
sec -l in ethanol-pyridine solutions (84) and 1. 5 x 10+5 M - l sec -l in
aqueous pyridine solutions (123).
In direct confirmation with step (10), the chlorophyll 9-amide
derivatives are photoreduced by leucophenosafranine to a product with
absorption maxima at 623 nm and 412 nm (Fig. 27).

This reduction is

not reversible; reoxidation gives a product with a peak at 635 nm instead
of 642 nm.

The reduction product may be the Mg-chlorin e 6 acidamide

derivative of the reduced chlorophyll species similar to that reported
at 640 nm and 415 nm by Broyde and Brody (124) or the 615 nm and 420 nm
reduced intermediate seen by Brody (125).

It probably has a cyclic tetra -

pyrrole chromophore, not interrupted like that of the pink Krasnovsky
product.

Upon reoxidation it gives a different product than the original

Mg-chlorin e 6 derivative.
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Comparison of the rates and extent of phenosafranine reduction by
the polymer and monomer systems between pH 6 to 9 demonstrates the
role which the polymer has in regulation of the photoreaction. Lowering
of pH in this range decreases the initial rate of the chlorophyll

~poly-

mer system due to protonation of the carboxylate anions, thus causing
a loss of the polymer-dye attraction.

Because the back reaction is

probably less affected by the state of polymer ionization, the per cent
total dye reduced at the photostationary state is also lowered. At pH
values less than 6 loss of magnesium is noted, and the pheophytin a
9-amide derivatives are easily reduced.
The role of ferrous salts as electron donors in the reversible
photoreduction of phenosafranine is consistent with the following.
hv

Chl/p

Chl/p'
Chl/p· + + D·

Chl/p* + o+
Chl/p·
3

+

+Fe

Fe+ +DH

Chl/p*

+2

(17)
(18)

Chl/p + Fe+3
2
Fe+ +D·+H+

(19)
(20)

The production of leucophenosafranine by step (18) and the loss of
it by step (20) gives a net displacement in the absorbance of the oxidized
dye upon illumination of the chlorophyll

~polymer

with a return in the

dark.
Step (19) is in good agreement with Rabinowitch and Weiss (87)
who noted in methanol that although ferric chloride would photobleach
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(oxidize) chlorophyll, the reaction was reversed by ferrous chloride.
Goedheer et al.

(88) measured the oxidation potential of chlorophyll

photobleaching with ferric salts and reversed the reaction by addition
of ferrous salts. The proposed mechanism of ferrous ion in the reversible photoreduction of phenosafranine agrees with these observations.
Photoreactions with Phenazine Methosulfate.
The chlorophyll

~polymer

will catalyze the oxidation of re-

duced phenazine methosulfate in an equilibrium mixture of PMS-reduced
PMS and ubiquinone-reduced ubiquinone similar to those reported by
Vernon et al. (100).

In the present case detergents were not used.

In accordance with evidence of light-induced single electron transfer
reactions between excited chlorophyll and quinones (including UQ 6)
in.EPR studies (102, 103) and flashing light studies by Ke et al.

(107),

the initial electron transfer is between excited chlorophyll and the
quinone and may be represented in the following manner.
hv

Chl/p

Chl/p* + Q + H+
Chl/p·

+

+PMSH

QH· +PMS·

Chl/p'

Chl/p*

(17)

Chl/p· + + QH·

(21)

Chl/p +PMS· +H+

(22)

PMSH +Q

(23)

This reaction has been found to be dependent on the pH of the sol vent and on the quinone employed.

The free radical concentration and
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their breakdown route is not at present fully understood .
. Photoreduction of Fast Red S.
The azo dye, fast red S, can be irreversibly reduced by hydrazobenzene when the chlorophyll
photoreaction.
~polymer,

~polymer

is used as a sensitizer for the

Because hydrazobenzene will not reduce the chlorophyll

the initial reaction is probably between the excited Mg-chlorin

e 6 and fast red S.
If S and SH· are fast red S and its half-reduced radical, this

mechanism would be represented as follows:
hv

Chl/p*

(17)

+ S + H+ ____ Chl/p:I- +SH·
+
+
Chl/p· + AH - - - Chl/p +AH· + H

(24)

Chl/p - - - - Chl/p'

---~

Chl/p*

2

(25)

The half-reduced dye reacts by any number of possible ways to
give leuco fast red S and the hydrazyl radical reacts to give azobenzene.
This mechanism is opposite to that proposed by Oster and Broyde
(74), in which reduced chlorophyllin is represented as the product of the
initial reaction between triplet chlorophyllin and ascorbic acid, followed
by reduction of fast red S by the reduced sensitizer. However, the
mechanism proposed in equations 17, 24 and 25 is consistent with that determined for methyl red reduction by ascorbic acid (94) and is therefore
believed to be correct.
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These photochemical reactions sensitized by the chlorophyll
!fpolymer demonstrate again the versatile property of chlorophyll to
act either by gain or loss of an electron, as it may do in the initial
energy transfer reactions of photosynthesis. The environmental conditions can be regulated to take advantage of this versatility to favor
either oxidation or reduction.
Conclusion
The previous discussion allows several generalizations about
the properties of the chlorophyll !fpolymer compared to chlorophyll
alone in solution.

Chlorophyll a is attached to poly(methyl vinyl ether/

maleic anhydride) by covalent bonding with ring V broken in the process.
The binding to the polymer can give water solubility to the chlorophyll
derivative.

Polarization of the fluorescence indicates that the polymer

restricts the rotation of the Mg-chlorin e 6 acidamide moiety.
The chlorophyll !;'polymer sensitizes similar photoreactions
in solution to those of chlorophyll a showing that ring. V is not required
for these reactions. Such reactions include photoreduction of fast red
S and phenosafranine and photooxidation of reduced phenazine methosulfate by quinones. The carboxylate anions of the polymer influence
the photoreactions as shown by the increased amount of phenosafranine
that is photoreduced with the chlorophyll !fpolymer as compared to the
chlorophyll !;'monomer system. This influence is again evident in the
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Krasnovsky reaction where the chlorophyll

~polymer

is very slowly

photoreduced with ascorbic acid, probably due to the repulsion of the
negatively-charged polymer and the ascorbate anions.
The mechanism of phenosafranine photoreduction as catalyzed
by the chlorophyll ~polymer in the presence of hydrazobenzene includes
as a primary step the reaction of triplet chlorophyll with the dye, with
the rate being nearly that of a diffusion dependent reaction.

The over-

all rate is retarded at low hydrazobenzene concentrations, probably
due to competition between hydrazobenzene and leucophenosafranine
for the oxidized chlorophyll

~polymer.

similar between the chlorophyll
monomer systems.

The reaction kinetics are

~polymer

and the chlorophyll

~

However, owing to the augmentation of the dye

concentration around the polymer, the forward reaction is favored
over the back reaction with the chlorophyll

~polymer

system.

The chlorophyll a/polymer-sensitized photoreduction of phenosafranine is unusual in that a true photostationary state is observed,
with both the forward and back reactions driven by light. The chlorophyll

~polymer

is either photooxidized or photoreduced in the course

of the reaction depending on the ratio of oxidized to reduced dye.

This

suggests possible ways in which bound chlorophyll in an aqueous
environment may participate in photosynthesis. In particular it may
relate to the ability of chlorophyll a to participate in two separate
photoacts in the chloroplast during normal photosynthesis.

APPENDIX: EFFECT OF SOLVENT ON THE
SPECTRUM OF CHLOROPHYLL a
Introduction
Chlorophyll has been shown to form mono and disolvates with
polar compounds, probably by solvation with the magnesium in the
center of the porphyrin ring by the most nucleophilic atom of the
solvent (24).

Other forms of solvation have been proposed such as

hydrogen bonding to the carbonyl of the cyclopentanone ring (126).
Water is easily bound and is essential for crystallization of chlorophyll (60). When dissolved in dry, non-polar hydrocarbons, chlorophyll is non-fluorescent. Addition of a little water, alcohol or amine
is sufficient to restore the fluorescence of the solution to its normal
intensity (126). Recently Katz et al. (127, 128) have found by extensive studies involving infrared spectroscopy and nuclear magnetic
resonance, that chlorophyll is aggregated intermolecularly in nonpolar solvents (e.g. benzene) mostly as dimers, while upon addition
of a little ethanol the pigment becomes monomeric.

The NMR studies

indicated that bonding of the magnesium atom of one molecule with the
carbonyl of the cyclopentanone ring of the other is the preferred spatial
geometry of the dimer.
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Chlorophyll dissolved in primary and secondary amines undergoes
an irreversible cleavage involving aminolysis of the cyclopentanone ring
with the rate of amide formation dependent on the basicity of the amine
(26, 27).

This reaction has been used to attach chlorophyll to polymers

(this dissertation).
It has also become known that the activity of chlorophyll in photochemical reactions depends on its state of solvation (82, 83, 84).

Because

of the interest in the Krasnovsky photoreduction reaction of chlorophyll,
Mccartin (llS) has examined the effect of water on the absorption spectra
of the pigment in pyridine and has explained the change in the absorption
spectra in terms of conversion of the pyridinates to hydrates.

Such minor

changes can tell much about the relative effect solvents have on chlorophyll.
It is true that the visible spectrum of chlorophyll has been the
object of much study, and it may have received more attention than any
other single compound (129).

However, most of the work on the effects

of solvent was done before the advent of high precision commercial
spectrophotometers (23, 130) and thus a review of this field was felt
justified. Attention will be given to not only the position of the red
band but to other spectral paramenters, such as extinction coefficients
and the position of the Soret band.
Experimental Techniques
Chlorophyll a was purified chromatographically (108) and was free
from any detectable pheophytin and chlorophyll b.

Fresh stock solutions
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of 10

_3

M chlorophyll were made in acetone.

From the solution a known

aliquot was deposited on the bottom of a cylindrical quartz cell l cm
thick and 3 cm in diameter, and the acetone carefully evaporated with
a stream of nitrogen. The desired solvent was added and the visible
spectrum recorded on a Cary Model 14 recording spectrophotometer,
which had previously been calibrated with a mercury arc.
The solvents were chosen to cover a wide range of refractive
index.

They were of a high purity grade and usually were distilled before

use and stored under nitrogen gas.

The main interest was in observing

the solvation effects of polar solvents in which chlorophyll is strongly
solvated and impurities have little effect.

Spectra in some non-polar

and aromatic solvents are included for comparison. The solvents were
not rigorously dried so that the "dry" spectrum of chlorophyll was not
observed (126).

Primary and secondary aliphatic amines could not be

used because of the rapid aminolysis of the cyclopentanone ring of the
chlorophyll (26, 27).
The following were determined for each spectrum: the positions
of the principal red band (A.) and the principal Soret band (A.s), the extinction coefficient of the red band (e), the half-width in angstroms of
the red band (o) at half maximum absorptivity (measured on the red side
to avoid confusion with the vibrational satellites of the principal red
band) and the ratios es/e and

es/e~

of the extinction coefficients of the
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principal Soret band to the extinction coefficients of the principal
red band and the first Soret satellite band near 410 nm. Comparison of
the precision of several independent measurements indicates that .A,
A.s, and

o are

0

accurate to 1 A, and that the ratios Es/E and

Es/E~

are accurate to within a few tenths of a per cent. The extinction
coefficient of the red band is subject to a concentration uncertainty

3.

probably not exceeding 2

Absolute establishment of the extinction coefficients for chlorophyll a was not attempted.

Due to the near identity of the spectra of

chlorophyll a and ethyl chlorophyllide a, it was decided to adopt as a
standard the value reported for the latter, more easily crystallized

+4

compound, 7. 66 x 10
Jacobs (109).

+4

+4

M

-1

cm

-1

in acetone as determined by Holt and

Using this value, the extinction coefficient for the red

band was 8. 51x10
8. 55 x 10

M

-1

cm

-1

+4

value of 8. 63 x 10

M

-1

cm

-1

in ethyl ether.

This compares to

reported by Holt and Jacobs and the more recent

M

-1

cm

-1

by Strain, Thomas, and Katz (131).

Experimental Results and Discussion
The values for the spectral parameters in different solvent solutions of chlorophyll are listed in Thble IV.
The spectra of chlorophyll (Fig. ll) in most solvents appear qualitatively very much alike. Some exceptions are noted in tetrahydrofuran
and dioxane, in which the red satellite band near 620 nm is distinctly

TABLE IV
Spectral parameters of chlorophyll in various solvents

Solvent

Symbol

n 20
D

0

A(A)

10

-4 (a)
€

0

o(A)

A (~) (b)
s

€

s

fa

€ /€'

s

s

(1/mole-cm)
methanol

me

1. 3288

6657

6.66
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4320

0.979

1. 051

acetonitrile

an

1. 3460

6619

6.88

100

4316

1. 238

1. 303

ethyl ether

ee

1. 3497

6606

8.51

83

4288

1. 313

1.569

acetone

ac

1. 3591

6620

7.66

95

4301

1. 227

1.356

ethanol

et

1. 3610

6647

6.94

104

4315

1. 023

1. 146

isopropyl ether

pe

1. 3688

6612

8.43

80

4294

1. 279

1. 599

ethyl acetate

ea

1. 3728

6615

7.94

89

4307

1. 253

1. 448

isopropanol

ip

1. 3776

6642

7.44

97

4316 '

1. 024

1. 152

2-butanone

mk

1. 3807

6627

7.37

96

4310

1. 280

1. 390

n-propanol

np

1. 3854

6655

7.30

102

4323

l. 025

1. 133

t-butanol

tb

1. 3878

6643

7.71

97

4315

1. 052

1. 166

0
"'""""

'°

nitromethane

nm

1. 3935

6629

6. 60

104

4315

1. 264

1. 270

isobutanol

ib

1. 3939

6658

7. 39

100

4327

1. 007

1. 136

s-butanol

sh

1. 3950

6653

7. 57

96

4325

1. 034

1. 185

n-butanol

bu

1. 3991

6663

7. 29

103

4329

1. 019

1. 153

triethylamine

ta

1. 4003

6619

B. 52

83

4311

1. 376

1. 613

tetrahydrofuran

tf

1. 4040

6643

8.18

85

4358

1. 335

1.654

isoamyl alcohol

ia

1. 4085

6666

7. 33

103

4332

1. 012

1. 151

n-amyl alcohol

am

1. 4099

6666

7.67

100

4332

1. 030

1. 182

allyl alcohol

al

1. 4135

6672

6 .. 76

108

4338

1. 030

1. 113

dioxane

dx

1. 4221

6620

8.. 20

84

4331

1. 440

1. 812

cyclohexane

ha

1. 4266

6616

6.14

107

4291

1. 382

1. 408

dimethylformamide

mf

1. 4304

6642

7.. 39

99

4321

1. 249

1. 380

butyrolactone

bl

1. 4343

6647

7.. 41

101

4326

1. 267

1. 326

chloroform

cf

1. 4464

6653

7.. 15

105

4320
-

1. 217

1. 285

cyclohexanone

ho

1. 4503

6646

7.. 93

93

4325

1. 245

1.466

dimethylsulfoxide

ms

1. 4783

6659

7.. 01

106

4333

1. 289

1. 358

benzene

bz

1. 5011

6656

7.. 82

91

4328

1. 294

1. 536

......

......

0

pyrrole

pr

1. 5035

6687

7.43

114

4349

1. 157

1. 110

pyridine

PY

1. 5092

6710

7.69

92

4435

1. 376

1. 672

anisole

as

1. 5173

6659

7. 76

95

4331

1. 303

1. 506

chlorobenzene

cb

1. 5248

6658

7.49

96

4333

1. 264

1. 446

acetonphenone

ap

1.5338

6681

7.65

96

4358

1.236

1. 426

benzyl alcohol

ba

1. 5396

6717

6.66

114

4385

1. 061

1. 175

nitrobenzene

nb

1. 5524

6701

6. 70

105

4395
-

1. 072

1. 13

aniline

nl

1. 5863

6745

6.24

116

4415

1. 208

1. 208

a-methyl naphthalene

mn

1. 6157

6696

7.64

104

4370

1. 329

1. 540

quinoline

qn

1. 6283

6706

7.42

105

4375

1. 295

1. 453

carbon disulfide

cs

1. 6295

6722

6.80

102

4415

1. 325

1. 555

a-chloronaphthalene

en

1. 6332

6699

6.94

102

4366

1. 273

1. 483

(a).

Based on acetone, e

= 7. 66 x

10+4 •

(b). In a few cases the Soret peak was not traced on slow scan. For these, A8 was measured to the
nearest 0. 5 nm and the fact noted by underlining the last digit.

.......
.....
.......
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split into two bands, near 615 nm and 628 nm for tetrahydrofuran and
613 and 623 nm for dioxane.

In pyridine the separation is greater, in-

creasing to 620 and 640 nm (llS)o

This splitting is not found in non-

cyclic ethers or triethylamine. Apparently the splitting is only seen
when the heteroatom is part of a ring system and not bound to hy\

drogeno

The splitting is not seen in quinoline; its spectral parameters

are closer to those in naphthalene derivatives than those in pyridine.
Position of the Red Band
As early as 1878 Kundt postulated that the absorption band of a
solute dissolved in a solvent of high refractive index is shifted toward
longer wavelengths as compared with the same band of the solute in a
solvent of lower refractive indexo

Kundt' s rule has probably been

studied more using chlorophyll than any other compound (129)

0

The

effect of refractive index on the frequency of the absorption band has
recently been rigorously formulated by several authors (132, 133)

0

Bayliss (132) proposed a theory in which the wavelength shift is proportional to n2 - 1 • f where n is the refractive index of the solvent
2n 2 + 1

and f is the oscillator strength for the absorption transitiono
The factor n2 - 1
2
2n +1
red bando

has been used for comparing the shift of

Inspection of Table IV and Fig. 30 shows that the wavelength
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Fig. 30. Effect of refractive index on the position of the red peak of chlorophyll a. The points are marked
by symbols listed in Table IV. The solid line represents the least squares line for all points.
The dashed line is parallel to the least squares line through cyclohexane. The dotted line is the
correlation of the primary alc9hols.

ll4
does indeed generally depend on the refractive index. A least squares
line has been drawn through the points of Fig. 30.

It could be expected

that the array of points should converge to a limit Ao as n

---+

1 which

would be the wavelength of the band in the vapor state.
A

=

Ao

+ b (n2-l) = 6429 + 1092 (n2-l)
~2+1

~2+1

There is no indication of such convergence in Fig. 30; however, this
is not surprising as other factors such as the dielectric constant of the
solvent would significantly affect the peak shift (133).
Extinction Coefficient and Half-width
Inspection of Table IV shows no marked dependence of either the
extinction coefficient or the half-width on refractive index.
does the product, e o

,

Neither

which is an approximate measure of the inte-

grated absorption intensity, have any pronounced dependence on retractive index. A hyperbola representing the average value of e
7, 34 x 10

-2

liter /mole, has been passed through a plot of

o,

o versus

e

in Fig. 31. Except for pyridine, half-widths (o) generally correlate
with extinction coefficients (e).
The Soret Band
The position of the Soret band, As, generally correlates well
with the position of the red band A. (Fig. 32) with the exception of the
I
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solvents triethylamine, dioxane and tetrahydrofuran.

The Soret band

is unusually red shifted in those three solvents that also have splitting
of the 620 nm band (tetrahydrofuran, dioxane and pyridine).
For correlation of the red peak positions with the dielectric constant Seely and Jensen (25) divided the solvents into classes on the
basis of general chemical structure: (I) polar aliphatic compounds in
which the solvating atom (O or N) is singly bonded, comprising the
alcohols, ethers, and triethylamine; (II) polar aliphatic compounds
in which the solvating atom is multiple bonded, comprising the carbonyl compounds, dimethylsulfoxide, acetonitrile and nitromethane;
(III) aromatic and heterocyclic compounds, plus chloroform and carbon disulfide.

These solvent classes are distinguished in Fig. 32.

The width and extinction coefficient of the Soret band are probably
affected by solvent in much the same way as the red band.

The Soret-

red ratio, es/€, therefore measures only a differential effect and no
correlation with refractive index need be expected. This ratio has
been used for years as a criterion for purity (129). The values around
1. 03 in alcohols are uniquely low and are characteristic for these sol-

vents.

The values range about 1. 25 for Class II solvents and between

1. 20 and 1. 35 for most solvents of Class III (Fig. 33). Also in alcohols

the Soret and Soret satellite bands are well separated and of almost
equal height with the ratios (e /e ') clustering around 1. 15. This
s s
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Class II. Note that benzyl alcohol fits with the alcohols
rather than with the Class III solvents. Points are identified in Fig. 32.

ll9
separation has been proposed by conjecture to be indicative of tautomeric equilibria (126, 129). Correlations between the ratios Es/€ and
es/e's are found in Fig. 33.
In ethyl ether es/E was determined as 1. 313, which is comparable
to the value I. 30 reported by Strain,. Thomas and Katz (131) and a
limiting minimum value of L 29 proposed by Perkins and Roberts (134).
In conclusion, a tabulation and correlation have been made of
the parameters of the visible spectra of chlorophyll in forty solvents
including the position of the red and Soret bands, extinction coefficient
and half-width of the red band, and the Soret to red and the Soret to
Soret satellite extinction coefficient ratios.

The position of the red

band has been shown to depend generally on the refractive index.

The

extinction coefficients are all relative to that of ethyl chlorophyllide
in acetone (109). Assuming that the shift is primarily due to the
refractive index, the red peak position in the vapor state (as n
0

approaches zero) is 6429 A.
0

The value estimated by Katz and

Wassink (23) of 6480 A corresponds well with this.
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ABSTRACT
Two types of water-soluble complexes of chlorophyll a with
organic polymers have been investigated: chlorophyll a coordinately
bonded to poly 4-vinylpyridine and a chlorophyll derivative, Mgchlorin e 6 phytyl methyl ester, covalently bonded to GANTREZ AN
(poly (methyl vinyl ether /maleic anhydride) ).

The first complex

was observed upon dissolving chlorophyll a and poly 4-vinylpyridine
in aqueous ethanol solutions.
AN complex (chlorophyll

The Mg-chlorin e 6 diester-GANTREZ

~polymer)

was made by aminolysing the

chlorophyll ring V with 1, 6-hexanediamine to give an intermediate
product, Mg-chlorin e 6 -6-N-(6' -aminohexyl) carboxamide, phytyl
methyl ester.

This was attached to GANTREZ AN by linkage of the

6'-amine to a polymer anhydride unit.

The remaining anhydride

units were treated with ammonium hydroxide to give the half amide
salt, poly (methyl vinyl ether /maleamic acid, ammonium salt).

The

chlorophyll a/polymer has major absorption maxima at 641 nm and 415
nm.
The concentration of the unstable chlorophyll a-poly 4-vinylpyridine complex was so small that polarization of fluorescence could
not be detected.

In aqueous media, the chlorophyll a-GANTREZ AN

complex had a maximum degree of fluorescence polarization of 0. 14.
1

The chlorophyll a-GANTREZ AN complex sensitizes similar
photoreactions in solution to those of chlorophyll a. It sensitizes the
photooxidation of reduced phenazine methosulfate by the ubiquinones,
UQ 2 and UQ 6 • Fast red Sis photoreduced in the presence of
hydrazobenzene.
The chlorophyll

~polymer

also photosensitizes the reduction of

phenosafranine by hydrazobenzene. A true photostationary state is
reached upon illumination, in which both the forward and the back
reactions are driven by light. A mechanism consistent with the
kinetics of the reaction involves as a primary step the oxidation of
triplet state chlorophyll a/polymer by phenosafranine with the rate
being nearly diffusion dependent.

The oxidized chlorophyll a/polymer

then proceeds to oxidize hydrazobenzene.

The back reaction is

probably the reduction of the triplet chlorophyll

~polymer

by

leucophenosafranine.
More than 90
phyll

~polymer

complex only 60

3

of the phenosafranine is reduced with the chloro-

system while with a similar chlorophyll-monomer

3

of the dye is reduced.

The effect of the polymer

is probably due to the augmentation of dye concentration around the
polymer owing to the attraction between the polymer carboxylate
groups and the cationic phenosafranine.
The chlorophyll

~polymer

is slowly reduced in a Krasnovsky

reaction by ascorbate. Ascorbic acid also would not support pheno2

safranine and fast red S photoreductions. Leucophenosafranine
reduces the chlorophyll

~polymer

to a product having absorption

maxima at 623 nm and 412 nm.
In order to observe the effects of solvent on chlorophyll,
visible spectra of chlorophyll a in forty solvents were recorded and
the following parameters tabulated for each: position of the red and
Soret bands, extinction coefficients and half-width of the red band,
and the Soret/red band and the Soret/Soret satellite band extinction
coefficient ratios.

The position of the red band depends generally

on the refractive index.
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